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PREFACE 


In a recent review in Nature (April 7, 1951), J. P. Riches drew attention 
to a seemingly unsettled policy with regard to the arrangement of literature 
references at the end of each review. Referring to the first volume of the 
Annual Review of Plant Physiology, he pointed out that 


in ten of the fifteen lists, the bibliographical references are collected at the end of the 
chapter in the order in which they are cited in the text. In the remaining five lists, 
an alphabetical sequence has been followed, and in one instance the references are not 
numbered. It would appear that the Annual Review of Biochemistry is confronted with 
a similar dilemma .. . 


In another review in the Agronomy Journal [43, 248 (1951)], H. W. Popp 
has developed still another point: 


Titles of publications are given only for books. While this involves a considerable 
saving in cost of printing it would add greatly to the value of the review if titles of 
journal articles were given as well. 


It may be well to discuss these points. The policies in these matters are 
fixed by the Board of Directors of Annual Reviews, Inc. The invasion by 
the Board of what might seem to be a purely editorial prerogative is dictated 
by several compelling considerations of which the quality and character of 
the Reviews and costs of publication are paramount. The inclusion of titles 
of papers in the lists of references would almost double the space required by 
bibliographies, with an obvious increase in the cost of the Reviews or the 
sacrifice of space, ordinarily devoted to text, to the expanded bibliographies. 
The usefulness of titles is probably beyond dispute, but the Board, in tread- 
ing a rather cautious step, has agreed that an increase in the price of the 
Reviews would be just as undesirable as the change in character that would 
result in the Reviews if, in a volume of 500 pages, 160 pages were to serve a 
purely bibliographic function instead of the 80 or so as at present. Nonethe- 
less, at the urgent behest of one of the Editorial Committees, the Board has 
agreed conditionally to accept such expanded bibliographies for publication 
in the Annual Review of Psychology. 

The problem is clearly relevant to any consideration of the function that 
these Reviews are designed to serve. Year by year, the men invited to write 
the reviews are urged to survey critically the literature of the preceding year 
or biennium in substantial segments of their assigned field and to appraise 
the current status of the subject. While recognizing that there is a place in 
the scheme of things for annotated summaries and carefully compiled bibli- 
ographies of a truly comprehensive character, the Board has always been of 
the conviction that Annual Reviews, Inc., should not venture into this kind 
of bibliographic effort; indeed, the authors are repeatedly urged to refrain 
from the preparation of synoptic summaries. They are encouraged to exclude, 
if need be, large segments of the field embraced by the title of their review— 
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always in the interest of preparing a reflective evaluation of recent work. The 
growth of the sciences and the exponential rate of increase of the world’s 
scientific literature seem to permit of no alternative. Well yes, we may add, 
there is an alternative; more Reviews, fatter volumes, more and more 
chapters in each Review. This alternative is not to be regarded lightly nor, 
would it seem, may it be resisted too stubbornly: Growth and fission rather 
than regression and fusion seem to be as inevitable in the disciplines of 
science as in the manifestations of nature. 

As for the system to be followed in the preparation of reference lists, it is 
true indeed that no policy has been established. Paradoxical though it may 
be, the only policy in this matter upon which the Board is agreed is that there 
should be no policy. The authors have repeatedly indicated, over a period of 
years, that they are divided into those who prefer an alphabetical listing and 
those who prefer to arrange the references in the order of their appearance in 
the text. The readers are likewise divided, so also are the members of the 
Board. The editorial assistants point out that alphabetically arranged bibli- 
ographies and texts that are heavily spiced with authors’ names are tedious 
and costly to check, troublesome to index, and conducive to a multitude of 
errors. The managing editor insists that in these days of multiple authorship, 
alphabetical bibliographies have long ceased to be of much help in locating 
anyone’s publications: the author indexes, so laboriously prepared, are de- 
signed to serve this purpose. The Editorial Committees remind the Board 
that the preference of a scientist for one system or the other depends upon 
the science of which he is a disciple and the policies of the journals in which 
his research is published. Since, indeed, it is open to question whether rigid 
conformity to an inflexible system should be sought, the Board prefers to 
defer to the wisdom of its authors in this matter. 

It is our pleasure to express our very sincere thanks to all who have 
participated in preparing this, the twentieth volume of the Review: to the 
authors who have labored so diligently on so challenging a task, to our edi- 
torial assistants and members of the business staff who, in obscure anonym- 
ity, have cooperated so splendidly, and to our printers, the George Banta 
Publishing Company, for the excellence of their work. 


H.J.A. H.S.L. 

A.K.B. J.M.LL. 

H.J.D. G.M. 
H.A.S. 








ae PP AF HF A YF *S 3S 


— ~ — ~ ~ Se Fe -_-= hv yy ‘s,s 


= 


a> se ae 



































TOPICS AND AUTHORS 
ANNUAL REVIEW OF: BIOCHEMISTRY 
VOLUME 21 (1952) 


BIOLOGICAL OxipaTions, B. Chance 

PROTEOLYTIC ENZYMES, A. K. Balls and E. F. Jansen 
NONPROTEOLYTIC, NONOXIDATIVE ENZYMES, A. L. Dounce 
CHEMISTRY OF THE CARBOHYDRATES, F. Smith 

CHEMISTRY OF THE Lipps, B. F. Daubert 

CHEMISTRY AND METABOLISM OF THE STEROIDS, L. T. Samuels 
CHEMISTRY OF AMINO ACIDS AND PROTEINS, H. B. Bull 
Nuc.eic Actps, PURINES, AND PyRIMIDINES, D. O. Jordan 
Fat METABOLISM, A. C. Frazer 

METABOLISM OF THE CARBOHYDRATES, S. Ochoa and J. R. Stern 
METABOLISM OF AMINO ACIDS AND PROTEINS, H. Tarver 
CHEMISTRY OF THE NONSTEROID Hormones, C. H. Li 
Fat-SOLUBLE VITAMINS, A. R. Kemmerer 

WATER-SOLUBLE VITAMINS, A. D. Welch and C. A. Nichol 
Nutrition, E. J. Bigwood 

CHEMISTRY OF MuscLe, M. Dubuisson 

CHEMISTRY OF NEOPLASTIC TissuE, P. C. Zamecnik 
BIOCHEMISTRY OF ANTIBIOTICS, 7. S. Work 

COMPARATIVE BIOCHEMISTRY, M. Florkin 

BIOCHEMISTRY OF NATURAL PIGMENTS, G. Mackinney 
ALKALorps, L. F. Small 

INTERRELATIONSHIPS OF LIPID AND CARBOHYDRATE METABOLISM, K. Bloch 
BIOCHEMISTRY OF PARTICULATE ENTITIES IN CELLS, A. Claude 
CHROMATOGRAPHY, W. H. Stein and S. Moore 





vii 





ERRATA 
Volume 19 
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page 494, line 11: for XIII rather than that previously assigned [see (1)]. 
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161, 192, 230, 231: for (Discuss. Faraday Soc. No. 6) read (Discuss. 
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page 561 (Author Index): delete Levy, H. (and page numbers indicated); 
substitute Levy, B. M., 288 
Levy, G. B., 497, 532 
Levy, H., 10, 16, 119, 120, 130 
Levy, J., 279 
Levy, M., 127, 462, 523, 524, 525 
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BIOLOGICAL OXIDATIONS' 


By RENE WURMSER 
Institut de Biologie Physico-Chimique, Faculté des Sciences, Paris, France 


FREE ENERGY OF REACTIONS 


The part played by phosphorylations in the transfers of energy lends 
special interest to the determination of the free energies of these reactions. 
Oesper (1) has given an explanation of the instability of various high energy 
phosphates, based on the number of resonating structures and on the ionisa- 
tion constants. An energy balance-sheet for the formation of lactate from 
glucose and from glycogen had been established in 1948 by Ogston & Smithies 
(2). In a more recent report discussed at the 8me Conseil de Chimie Solvay, 
Ogston (3) has presented a balance which differs in some respects from the 
first. The modifications are principally founded on the new measurement by 
Meyerhof & Oesper (4) of the equilibrium between phosphopyruvate and 
adenosinediphosphate (ADP), and on the very important determination 
by Meyerhof & Green (5) of the free energy of hydrolysis of fructose-1-6- 
diphosphate and of glucose-6-phosphate. From the value obtained for the 
latter reaction, the free energy of conversion of glycogen to glucose is cal- 
culated and found to be —4,200 calories. From the equilibrium between 
phosphopyruvate and ADP, and on the basis of —16,000 calories (calcu- 
lated by Lipmann) for the hydrolysis of phosphopyruvate, the free energy 
of hydrolysis of adenosinetriphosphate (ATP) is found to be — 11,800 calo- 
ries. With these data the sum of the 11 stages of the transformation } glucose 
— lactate accounts for — 29,750 calories. 

The reviewer wishes to mention that there remains some discordance 
between this value and that which is obtained directly from the free energies 
of formation of glucose and lactate, as given by Parks and Huffman. The 
data for glucose is experimental, and while that for lactate was less sure, 
these authors’ values are confirmed by the measurements of the equilibrium 
between alanine and ammonium pyruvate (6, 7), and between pyruvate 
and lactate. Finally, the oxidoreduction potential of the system alanine 
ammonium pyruvate, as shown by Borsook (8), leads to the same value 
for the equilibrium DPN=DPNH as the value calculated independently 
from the oxidoreduction potential of the system acetoacetate -hydroxy- 
butyrate. If, therefore, the free energy of the hydrolysis of the ATP is de- 
rived from the difference between the free energy of the phosphorylating 
glycolysis and the directly calculated free energy of the transformation 
glucose—lactate, the free energies of all the high energy phosphate bonds 
would be 3,000 calories smaller than usually recognised. 

This consideration, however, does not change the general significance of 
the studies concerning the transfer of energy by phosphorylation. The 


' This review covers the period from approximately October, 1949 to October, 
1950. 
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difficulty of this problem is not strictly thermodynamic, but resides in the 
mechanism of the transfer, in terms of stoichiometrically coupled reactions. 
More precisely, this difficulty arises from the number of high energy phos- 
phate bonds which can be created by the oxidation of various metabolites. 
On the one hand, the ratio P/O of the moles of inorganic phosphate to atoms 
of oxygen consumed is such that each oxidative step of the Krebs’ cycle, 
except for the oxidation of succinate to fumarate, appears to cause esterifica- 
tion of somewhat more than 2 molecules of phosphate (2). On the other hand, 
the totality of the available energy of oxidation from substrate to oxygen, 
and not only the free energy of oxidation by cytochrome, is utilized for the 
phosphorylation. This high efficiency can probably be ascribed to the condi- 
tions of the biological catalysis. Closely connected to this problem is the 
hypothesis of an association of many enzymes and undissociated coenzymes 
in some sort of catalytic units as postulated for cyclophorase. More generally, 
it has often been asked in these last years, especially on the instigation of 
Szent-Gyérgyi (9) and as a result of work on photosynthesis and radiation 
mutations, how the energy migrates throughout a large molecule of enzyme, 
and how the energy absorbed in many molecules can be delivered to a single 
one. This aspect has been emphasized in the review of Biicher (10). 

A particular case of transfer of energy has been treated by Davies & 
Ogston (11) concerning the acid secretion of the stomach cells. A redox 
system is assumed to transfer electrons across a structure which separates 
two regions of the cell, and special conditions are postulated to intervene in 
the permeabilities of different ions and molecules. In this theory, the produc- 
tion of Ht at the expense of the oxidation of favoprotein-cytochrome would 
drive the phosphorylation which accompanies the oxidation of dihydro- 
coenzyme by cytochrome. Such a phosphorylating oxidation has actually 
been found by Friedkin and Lehninger in liver particulate systems, but 
Davies and Ogston themselves think it doubtful that the degree of organisa- 
tion required by their model could have survived in such preparations. 

Few new data on redox potentials have been published. Cytochrome-c 
electrometric titration curves have been carried throughout the pH range 
0.4 to 10 by Rodkey & Ball (12). Between pH 1.75 and 0.4 the variation of 
the potential is —120 mv per pH unit. It is attributed to some change in 
the coordination pattern of the reductant: two groups of protein moiety 
would dissociate protons. Between 1.75 and 7.8 the potential Eo remains 
constant at +0.254 volt, in concordance with earlier studies. Another 
variation of —0.06 volt per pH unit occurs at pH 7.8 ascribed to the dissocia- 
tion of a hydrogen ion from the oxidant. 

Many investigators have attempted to measure the potentials of thiol 
disulfide systems. Apparently the only reliable electrometric data per- 
tain to the thiourea—formamidine disulfide and dithiobiuret=3,5-diimino- 
1,2,4-dithiazoline systems (13, 14). Freedman & Corwin (15) have con- 
firmed the results obtained with the first system. However, they find that 
electrodes of boron carbide or gold-plated platinum do not yield potentials 
in accordance with the theoretical electrode equation (as with platinum). 
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BIOLOGICAL OXIDATIONS 3 
DEHYDROGENASES 


Notatin.—Bentley & Neuberger (16) have shown that notatin is a de- 
hydrogenase and not an oxidase. An oxidase would activate molecular oxy- 
gen, one of the oxygen atoms combining with the aldehyde form of glucose, 
the other reacting with water to form peroxide. It is found, however, that 
the hydrogen peroxide formed during the glucose oxidation in water en- 
riched with O'* does not contain excess isotope. The primary product of the 
oxidation is not gluconic acid, but 6-gluconolactone, and the substrate is 
not the free aldehyde nor its hydrate, but the glucopyranose. 

Glucose-6-phosphate and v-ribose-5-phosphate dehydrogenase——This new 
dehydrogenase system, analogous to the Warburg and Christian red blood 
corpuscles system, has been found by Dickens & Glock (17) in rat liver 
extracts. It requires coenzyme II and a suitable carrier to the oxygen. 

Glyceraldehyde phosphate dehydrogenase-—Cori, Velick & Cori (18) have 
postulated the existence of two types of catalytic sites on this enzyme to 
explain the discordance between the value of the Michaelis constant (41078 
M per ml.) and the impossibility of separating enzyme and coenzyme by 
dialysis. They do not obtain an unequivocal answer to the question, but 
kinetic measurements show that firmly bound diphosphopyridine nucleotide 
(DPN) does not measurably dissociate on a five fold dilution of the enzyme, 
which is consistent with a dissociation constant of the order of 10~!° M per 
ml. Moreover, it is demonstrated that DPNH as well as DPN is bound at 
the site which is supposed to possess the highest affinity. In addition, the 
equilibrium constants of the phosphorylating oxidation of glyceraldehyde 
phosphate are the same with bound and with added DPN, which indicates 
that the dissociation constants of enzyme-DPN and enzyme-DPNH are 
equal. If DPNH is indeed bound so firmly to the enzyme, oxidation of this 
enzyme-DPNH by the pyruvate-lactic dehydrogenase system would be 
expected to proceed more slowly than in presence of added DPNH. Such a 
difference is not observed and this in turn is explained by collisions between 
the two protein molecules. Corroboration for the hypothesis of two sites is 
furnished by the studies of Shugar (19) on photoreactivation of the enzyme 
by near ultraviolet irradiation following reduction of the bound DPN. 
However, this is not absolutely clear at the present time. The fact that triose- 
phosphate dehydrogenase binds DPNH has also been demonstrated by 
ultracentrifugation; but, in contrast with the observations of Cori e¢ al. 
it can then be removed by dialysis against distilled water. The enzyme, 
incidentally, is not ultracentrifugally homogeneous and its activity is com- 
pletely destroyed by centrifugation. 

Rapkine found that coenzyme protects the SH groups of the triosephos- 
phate dehydrogenase against oxidation by oxidised glutathione and alloxan, 
from which he inferred the site of fixation of the coenzyme in the enzyme 
molecule. Labeyrie (20), using crystallised enzyme, confirms these results 
at pH>7.7. Conversely, in the acid region, enzyme without coenzyme is not 
inactivated by oxidised glutathione, but is inactivated in the presence of 
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DPN. The interpretation given is that in acid solution DPN participates in 
the oxidation of the enzyme. In a series of papers Rapkine, Shugar & Simino- 
vitch have studied the inactivation of the triose phosphate dehydrogenase 
by ultraviolet irradiation (21) and by heating (22, 23). Heating at approxi- 
mately 60°C. for short periods of time may lead to an increase in the activity 
(24) of enzyme which has undergone spontaneous partial inactivation. It 
is suggested that the reactivation results from the interaction between sulf- 
hydryl groups of the inactive protein and disulfide groups of the active 
protein. These studies also lead to the postulation of two types of active 
sites. 

Alcohol dehydrogenase——Racker (25) has described a procedure for the 
preparation of crystalline alcohol dehydrogenase from bakers’ yeast, while 
Bonnichsen (26) has found a new method of preparation from horse liver. 

Tsocitric dehydrogenase—Grafflin & Ochoa (27) have obtained a partial 
purification of the isocitric dehydrogenase (and oxalosuccinic carboxylase) 
of pig heart. The reaction of D-isocitrate with triphosphopyridine nucleotide 
(TPN) involves two steps: 


D-isocitrate + TPN oxalosuccinate + TPNH 
F Mn*tt 
oxalosuccinate == a-ketoglutarate + CO: 


Lactic acid dehydrogenase——The kinetics of the enzyme-catalysed oxi- 
dation of lactic acid has been investigated by Socquet & Laidler (28) under 
conditions in which the rate-controlling step is the reduction of coenzyme 
I. Results are explained by postulating that a lactic acid molecule must be 
adsorbed on a site of type 1 and a coenzyme molecule on a site of type 2. 
Adsorption of coenzyme on a site of type 1 is also possible but does not 
contribute to the reaction. With this theory it is also possible to interpret 
measurement of activation energy. The increase of this energy with increas- 
ing lactate and coenzyme concentrations can be supposed to be due to the 
fact that at low concentrations the complexes are largely dissociated and 
that these complexes are formed exothermally. 

Meister (29) has studied the reduction of a series of normal a,y-diketo 
acids and a-keto acids by aqueous extracts of acetone powders of various 
animal tissues as well as by crystalline beef heart lactic dehydrogenase, in 
the presence of DPNH. The constancy of the activity ratios for various sub- 
strates with preparations of different tissues and with crystalline dehydrogen- 
ase suggests that only one enzyme is responsible. 

The enzyme of plants which oxidises a-hydroxyacids (glycolic and L- 
lactic) has been purified by Tolbert, Clagett & Burris (30), who have 
shown that glyoxylic acid is the intermediate between glycolic acid and the 
end products, formic acid and carbon dioxide. 

Succinic dehydrogenase——Klug, Moxon, Petersen & Potter (31) have 
determined the minimum protein level that maintains a nearly constant 
activity of succinic dehydrogenase in rat livers. When selenium is added to 
the diet, the liver Qo, succinate values decrease, probably as a result of reac- 
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tion with the mercapto groups of the enzyme. Arsenic restores the enzyme 
values to normal after a few days of depression. References to the succinoxi- 
dase system will be referred to in connection with the cytochromes. 

Amino acid oxidase.—Still & Sperling (32) have shown that the soluble 
oxidase found in rabbit kidney and liver and which catalyses the oxidation 
by molecular oxygen of D-aspartate to oxalate is different from the Krebs 
D-amino acid oxidase, since it has little action on other D-amino acids. 
However, like the Krebs enzyme, it is a conjugated flavoprotein which can 
be resolved into an apoxidase and flavin adenine dinucleotide. 

Bender & Krebs (33) have compared the activities of four enzymes: 
mammalian D-amino acid oxidase, L-amino acid oxidase of Cobra venom, 
and the L- and D-amino acid oxidases of Neurospora crassa on 48 a-amino 
acids. The relative rates at which the different amino acids undergo oxida- 
tions vary considerably from enzyme to enzyme, the specific properties of 
the enzyme being as important as the structure of the substrate. 

The inhibition of D-amino acid oxidase by desoxycorticosterone has been 
demonstrated, and related to a reaction of the steroid with the apoenzyme 
{Hayano, Dorfman & Yamada (34)]. 

p-Amino acid oxidase has been found by Emerson, Puziss & Knight 
(35) to be present in all of the molds investigated. A sarcosine oxidase was 
prepared by Kopper (36) from a creatinine-decomposing strain of Pseudo- 
monas aeruginosa. 

Xanthine oxidase-—Krebs & Norris (37) have demonstrated the com- 
petitive nature of the inhibition by xanthopterin of the action of the milk 
xanthine oxidase on the xanthine. The oxidation of xanthine proceeds much 
more rapidly than the oxidation of xanthopterin, and the optimum pH is 
8.5 instead of 6.5—8.0. Petering & Schmitt (38) have studied the relationship 
of structure to inhibitory action of some simple pterins on xanthine oxidase 
of milk and of rat liver. 

Antabuse (tetraethythiuram disulfide), a drug recently recognised as a 
treatment for chronic alcoholism, is supposed to be an inhibitor of the metab- 
olism of the acetaldehyde. Richert, Vanderlinde & Westerfeld (39) have 
shown that the oxidase of liver, but not of milk, is inhibited by antabuse. 
However, only that part of the system which is concerned with autoxidation 
is affected, since methylene blue continues to be reduced. Liver xanthine 
oxidase is also inhibited by oxidized p-amino phenol, but only if added at 
least 70 min. before making the measurements. Xanthine protects the en- 
zyme from this inhibition, and this explains the relatively small effect of 
this inhibitor on endogenous respiration during the first 40 min. [Richert, 
Edwards & Westerfeld (40)]. 

Kalckar, Kjeldgaard & Klenow (41) have isolated from cream and from 
whey a xanthopterin oxidase which appears to be identical with the xanthine 
oxidase described by Ball. In particular, the enzyme shows the same extinc- 
tion changes when anaerobically incubated (reduced) with xanthine, xan- 
thopterin, or acetaldehyde as substrate. These authors (42) have also investi- 
gated the inhibitory effects of most folic acid preparations on xanthopterin 
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and xanthine oxidase. They attribute these effects to an impurity, the 2- 
amino-4-hydroxy-6-formylpteridine (6-aldehyde). 

Polonovski et al. (43) have continued their work on the augmentation of 
xanthine dehydrogenase activity of milk under various conditions. Increased 
activity results from the breakdown of the linkage between the enzyme and 
the lipids. 

Other oxidases.—Dinning, Keith & Day (44) found that liver and kidney 
of the aminopterin-treated monkey are virtually devoid of choline oxidase 
activity. They suggested that pteroylglutamic acid functions in this enzy- 
matic system as a constituent of the prosthetic group. The presence of mono- 
aminoxidase in some higher plants has been reported by Werle & Roewer (45). 


COENZYMES AND FLAVOPROTEINS 


Coenzymes.—Ackermann (46) has shown that DPN is required for the 
oxidation of a-ketoglutaric acid by liver and brain homogenates. 

Kornberg (47, 48) has obtained from autolysates of ale yeast two en- 
zymes which catalyse respectively the reactions: nicotinamide mononucleo- 
tide+ATP=DPN + inorganic pyrophosphate and diphosphopyridine nu- 
cleotide+-ATP=—TPN +adenosine diphosphate. 

A method for the preparation and determination of DPNH is based 
[Bonnichsen (49)] upon the fact that in the presence of an excess of alcohol, 
at pH 10, all the DPN is reduced by alcohol dehydrogenase. An. improved 
method for the preparation of DPN, based upon Sumner’s procedure, is 
described by Clark, Dounce & Stotz (50). 

The structure of the diphosphoadenosine fragment of TPN has been 
studied by Kornberg & Pricer (51). TPN may be considered to be a dinucleo- 
tide (I) of nicotinamide ribose-5-phosphate and adenosine-2,5-diphosphate. 
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Flavoproteins.—Slater (52) has pursued his important study of the 
pathway of the oxidation of the dihydrocoenzy me I by oxygen. The activities 
of the succinoxidase and DPNH_-oxidase systems in heart muscle (and also 
in kidney preparations) are about the same at room temperature, although at 
38° the DPNH-oxidase system is appreciably more active. Slater concludes 
that the two systems together account for a considerable proportion of the 
total respiration of the muscle. We shall consider the succinoxidase system 
in a later paragraph. According to Slater (53), the diaphorase plus the British 
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Anti-Lewisite sensitive factor together constitute the DPNH-cytochrome-c 
reductase in heart muscle preparations. He proposes several explanations of 
the findings of certain authors: who have obtained various cytochrome re- 
ductases in solution. Particularly the enormously greater rate of reduction 
of endogenous cytochrome-c as compared with that of added cytochrome-c 
suggests that even if an enzyme in solution rapidly reduces a large concentra- 
tion of cytochrome-c, it may act otherwise when attached to granules in the 
cell. 

This explanation is especially interesting since a new cytochrome re- 
ductase, acting without added intermediates, has been obtained by Horecker 
(54) from animal tissue. This enzyme, similar to TPN-cytochrome-c reduc- 
tase of yeast, can be extracted from pig liver acetone powder. It is a flavin 
adenine dinucleotide. It should be noted also that Hayaishi (55) reported 
the finding of a soluble DPN-cytochrome reductase. 

Davison (56) has obtained from pea seedlings soluble protein fractions 
which exhibit to a high degree DPNH-diaphorase activity, TPNH- 
diaphorase activity, DPNH-cytochrome reductase activity and TPNH- 
cytochrome reductase activity. 

A contribution to the mechanism of the catalysis by flavin has been made 
by Singer & Kearney (57). The reduction of ferricytochrome-c by reduced 
pyridine nucleotide has been shown to be catalysed by various flavins, in 
the absence of added proteins. The most effective compound, in this non- 
enzymatic reduction, is isoriboflavin, which is followed in effectiveness by 
riboflavin, flavin mononucleotide, and flavin adenine dinucleotide. Alloxazin 
is inactive. These authors discuss the manner in which the attachment 
of the flavin to the apoenzyme might enhance its turnover number. In con- 
nection with this question, recent investigations of Weber (58) on the quench- 
ing of the fluorescence of riboflavin and of flavin adenine dinucleotide lead 
to a new concept of the role of the purine molecule in enzymatic processes. 

Schrecker & Kornberg (59) have obtained from brewer’s yeast an en- 
zyme which catalyses the reversible reaction: flavin mononucleotide +ATP 
=flavine adenine dinucleotide+inorganic pyrophosphate. 

Cytochromes.—Great progress in the studies of haematin pigments has 
resulted from the observation of absorption spectra at low temperatures, 
as described by Keilin & Hartree (60). 

Some contributions concerning the presence of various cytochromes in 
diverse organisms may be mentioned. According to Sanborn & Williams (61), 
cytochrome-x, found in the larval cecropia silkworm, where the components 
b and ¢ are lacking, is identical with the newly discovered cytochrome-e of 
Keilin & Hartree (62). Todd (63) observed the spectrum of a, b, and c 
components in Mycobacterium phlei, ranae, Karlinski, smegmatis and ster- 
coris, and in addition, in the last three organisms, two bands at 624 and 570 
my, due to coproporphyrin. 

Militzer, Sonderegger & Tuttle (64) have studied the cytochromes of a 
thermophilic bacterium: the cytochrome oxidase, apart from its heat stabil- 
ity, resembles that of animal tissues. Similarly, cytochrome-c has exactly the 
same spectral lines as animal cytochrome-c and differs only by being difficult 
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to bring into solution. Tint & Reiss (65) have determined the percentage 
composition in iron of the cytochrome of beef, horse, pig, and chicken, from 
which he derives the molecular weights 12,350, 12,270, 13,000, and 13,270 
respectively. The spectrophotometric constants for these pigments present 
no statistically significant differences, which in turn suggests that the pros- 
thetic groups are identical, and that only the protein portions of the pigments 
differ. 

The researches of Drabkin may be mentioned here (66, 67, 68). In a study 
of five species he finds that the total content of cytochrome-c is proportional 
to the estimated body surface. This relationship is similar to that found for 
basal metabolism. Since 80 per cent of the cytochrome is in skeletal muscle, 
the content of cytochrome-c would be related to a metabolic “‘capacity”’ 
rather than basal metabolism, and the relative contribution of muscle tissue 
to metabolism would increase when mechanical work is done. The author 
thinks that thyroxine or thyroglobulin regulates the rate of oxygen consump- 
tion through the control of the tissue level of cytochrome-c. After complete 
adrenalectomy and partial hepatectomy, he finds a reduction in the cyto- 
chrome-c concentration and content of all tissues examined. 

In Slater’s schema, which represents the relations between succinate and 
DPNH systems [see Annual Review of Biochemistry, 19, 8 (1950)] cytochrome- 
b transfers electrons from succinate either to the Slater’s factor and cyto- 
chrome-c, or to methylene blue. Other contributions to the knowledge of 
the succinoxidase system are consistent with this mechanism. According to 
Stoppani (69), malonate and chloracetophenone inhibit oxidation by ferri- 
cyanide, dyes, and cytochrome. They act on the dehydrogenase itself. Ure- 
thane, ureas, and chloretone inhibit oxidation by cytochrome-c and dyes, 
but not by ferricyanide. They are supposed to interfere with the intermediate 
factor. Nitriles and paludrine inhibit aerobic oxidation only (cytochrome 
oxidase). In addition, Jacobi, Rosenblatt, Chappell & Morgulis (70) found 
that a-tocopheryl phosphate has a powerful inhibiting effect upon succin- 
oxidase activity. However, at the same concentration there is no effect on 
succinic dehydrogenase, cytochrome-c, or cytochrome oxidase. Apparently 
the inhibition affects some mediator required for the reduction of cyto- 
chrome-c. For this type of study, the microspectrophotometric method de- 
vised by Cooperstein, Lazarow & Kurfess (71) may be of value. 

Many species of bacteria are able to reduce nitrate, owing to the presence 
of a nitrate reductase. According to Sato & Egami (72), this enzyme is identi- 
cal with the cytochrome-b of Escherichia coli, but distinct from the cyto- 
chrome-b of heart muscle. Effectively, the succinate dehydrogenase system 
can react directly with the nitrate reductase system. In this case, following 
Slater’s schema, nitrogen replaces oxygen. 

Tyrosinase and polyphenoloxidase.—Ilt is known that tyrosinase isolated 
from potato could be used to oxidise glucose-6-phosphate by molecular oxy- 
gen in the presence of catalytic quantities of catechol, TPN and glucose-6- 
phosphate dehydrogenase. However, a functional role of tyrosinase in respi- 
ration has not been demonstrated. In agreement with Levy and Schade, 
Goddard & Holden (73) find both tyrosinase and cytochrome oxidase activ- 
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ity present in the potato tuber. The latter is sufficiently active to account for 
the total respiration of the tissue. It is shown that these are two distinct 
enzymes, not one, and that there is no oxidation of cytochrome at the expense 
of traces of quinones formed by tyrosinase. 

The identity of tyrosinase with a system o-diphenolase-o-diphenol is 
challenged. In contradiction to the finding of Lerner et al. (74), in a study 
of a tyrosinase preparation from mouse melanomas, Bertrand (75) did not 
obtain an oxidation of tyrosine by adding “‘dopa’”’ to laccase. Thus, the latter 
author considers tyrosinase to be an enzyme distinct from o-diphenolase, 
although it cannot be excluded that the two enzymatic functions are at- 
tached to the same molecule. 

It is shown by Schacter (76) that human blood serum contains an enzyme 
which accelerates the oxidation of catechol but not of tyrosine, p-cresol, 
hydroquinone, homogentisic acid, epinephrine, or dopa. Cyanide inhibits 
this serum catecholase and serum itself contains an inhibitor, probably a 
sulfhydryl compound, which retards the oxidation of catechol during the 
early phases of the reaction. 

The mechanism of the catalytic action of tea-oxidase has been studied. 
The autocatalytic rate of oxygen uptake observed with this enzyme and 
catechol has been interpreted by Roberts & Wood (77) as being due to the 
production of some polyphenol from benzoquinone. This intermediate, 
possibly 1,2,4-trihydroxybenzene, as suggested by Wagreich and Nelson, 
must in this case be oxidised more rapidly by the oxidase than catechol. 

Asimov & Dawson (78) have reinvestigated the inactivation of tyrosinase 
(from Psalliota campestris) that occurs during the aerobic oxidation of cate- 
chol. They find a ‘‘slow down”’ departure from a first order mechanism which 
can be explained by an inactivation in stepwise fashion through a series of 
decreasingly stable intermediates. Concerning the reactions involved in the 
formation of melanins, new researches of Mason (79) using spectrophoto- 
metric observation of the oxidation of catechol and hydroxyhydroquinone 
in the presence of tyrosinase indicate that the catechol melanin is not a 
polymer of hydroxy-p-quinone. It is suggested that o-benzoquinone poly- 
merises directly to phenolic polyphenyls which are susceptible to further 
oxidation. The process of decarboxylation of “‘dopa’”’ has been investigated 
in another study. By heating of renal kidney extracts, decarboxylase activ- 
ity is destroyed. Gonnard (80) utilised this property for demonstrating that 
the maximum decarboxylation of ‘“‘dopa’’ requires oxidation, and in discuss- 
ing the mechanism of this activation he suggests that the product 
of the oxidation of “dopa” catalyses the decarboxylation of unoxidised 
“dopa.” 

Peroxidase.—The first direct demonstration of the theory of Henri- 
Michaelis-Briggs and Haldane was achieved by Chance in his kinetic studies 
on horseradish peroxidase. In a new contribution (81), employing the ascor- 
bic acid as an oxygen acceptor instead of leucomalachite green, the rate of 
disappearance of ascorbic acid was estimated by ultraviolet spectrophoto- 
metry while the rate of disappearance of the substrate (H2O2) was measured 
by a platinum microelectrode inserted into the capillary observation tube of a 





10 WURMSER 


rapid-flow apparatus. The experiments show that no appreciable amount of 
ternary peroxidase-H,O2-ascorbic acid complex is produced. The velocity 
constant of the bimolecular reaction between the enzyme-substrate complex 
and ascorbic acid is 1.210 M— Xsec™ at pH 4.7. However, ascorbic acid 
may also be oxidised by an indirect reaction with quinones derived from the 
reaction of phenols with the complex; for example, with guaiacol the con- 
stant is equal to 3X10° MXsec™, and the velocity of the reaction of 
ascorbic acid with the oxidation products of phenol is estimated to be > 10°. 

Furthermore, Chance has utilised his method to investigate many 
problems quantitatively. The difference of the activities with H2O2 and 
ethyl hydrogen peroxide is shown to be due to the lower saturation of the 
peroxidase-ethyl hydrogen peroxide complex. A comparative study of various 
acceptors has been made (82). In the pH range of 3.5 to 6.7, pH has no effect 
upon the reaction of the enzyme-substrate complex with catechol, pyrogallol 
guaiacol, hydroquinone or leucomalachite green. There is little or no cor- 
relation between the velocity constants and the redox potentials of these 
acceptors. 

Lactoperoxidase (83) forms the same series of enzyme-substrate com- 
pounds as horseradish peroxidase: a primary lactoperoxidase-hydrogen- 
peroxide complex is a precursor of the reddish secondary complex discovered 
by Theorell and Akeson. However, the velocity constants for formation of 
the complex, as well as for reaction of the complex with acceptor are different 
and lactoperoxidase proves to be a more active enzyme than horseradish 
peroxidase. 

Saunders & Watson (84) have studied the peroxidase oxidation of 4- 
methoxy-2,6-dimethylaniline and suggested a mechanism for this reaction. 

Kenten & Mann (85, 86) have studied the system found in horseradish 
extract which, in the presence of H2O2 oxidises manganese. The presence of 
such a system in root extracts seems to be a general phenomenon. In view 
of the demonstration that oxidation of manganese is carried out by a product 
of the oxidation of some phenolic substances by peroxidase and hydrogen 
peroxide, experiments have been made with peroxidase preparations from 
horseradish and turnip. Oxidation of manganese was shown to occur with 
monohydric phenols and resorcinol as phenolic substrates, but not with qui- 
nol, catechol, pyrogallol, or caffeic acid. 

Catalase.—Using hydrogen peroxide produced by the autoxidation of 
ascorbic acid or continuously generated by the notatin system, Chance 
(87) has studied the conversion of the primary catalase-hydrogen peroxide 
complex into an inactive form, analogous to the secondary complex formed 
by catalase in the presence of alkyl hydrogen peroxides. Formation of this 
complex is the principal cause of the inactivation of catalase which takes 
place during the determination of its activity. The primary complex reacts 
with alcohols resulting in their oxidation. It participates also in the decom- 
position of hydrogen peroxide into water and oxygen. This reaction is sup- 
pressed in coupled oxidations, as observed by Keilin and Hartree, but only 
because of the extremely low steady-state concentration of hydrogen per- 
oxide (approx. 10~® M) in the presence of alcohols. 
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Chance (88) criticises his own suggestion of the existence of a ternary com- 
plex of catalase-hydrogen peroxide with alcohols, which he had proposed to 
explain the decrease in the reaction velocity constant (measured by the 
disappearance of the primary complex) at low catalase and high alcohol 
concentrations. He now attributes this effect to the fact that, under these 
conditions, the catalase reaction is not complete before the peroxidase 
reaction begins. The high reactivity of catalase-peroxides towards methanol, 
methylene glycol, formate, and ethanol, as well as their inactivity towards 
acetaldehyde and acetic acid leads Chance (89) to the idea that the specific 
acceptor for catalase is a hydrogen atom and an hydroxyl group attached to 
either a carbon atom or a nitrogen atom, this latter being necessary to ac- 
count for the oxidation of nitrite. 

Finally, Chance & Herbert (90) compare the spectroscopic and kinetic 
properties of the peroxide complexes of bacterial catalase with similar com- 
plexes of erythrocyte catalase. He gives an interpretation based upon the 
location of the hematins in each protein molecule. 

The intervention of change of valency in the mechanism of catalytic 
action is still a matter for discussion. Keilin & Hartree (91) believe that in 
the brief period of formation and decomposition of the primary catalase- 
hydrogen peroxide complex, valency changes of catalase iron take place. 
This view is supported by analogy with the reaction of methaemoglobin 
with hydrogen peroxide. In the presence of an excess of hydrogen peroxide, 
the first complex MetHb-OOH is replaced by another compound which is 
spectroscopically recognised as oxyhaemoglobin. This change of valence 
accompanies the decomposition of the peroxide, for bubbles of oxygen appear 
only when the a-band of the haemoglobin has become visible. 

We know that Keilin and Hartree believe that there is formation of an 
azide ferrocatalase when H2O2 is added to a solution of catalase in the 
presence of azide. As azide-inhibited catalase can be reactivated by dilution 
but not by oxygenation, Foulkes & Lemberg (92) think that azide inhibition 
of catalase would not be a simple stabilisation in the ferrous state. 

Dounce & Schwalenberg (93) confirmed by spectrophotometric study 
their previous finding that lyophilised catalase is so changed that it can be 
reduced by sodium hydrosulfite without appreciable loss of activity. 

Intracellular distribution of the catalysts —The development of techniques 
of separating cell components continues to inspire researches on thé distribu- 
tion of cellular enzymes. Hogeboom & Schneider (94) reported the localisa- 
tion of cytochrome oxidase on mitochondria in homogenates of frog cells. 
DuBuy, Woods & Lackey (95) have found that, in homogenates of leaves of 
Nicotiana and Lonicera, both mitochondria and plastids carry the cyto- 
chrome oxidase activity of the cell. Recknagel (96) reported that isocitric 
dehydrogenase is localised in the soluble fraction of the cytoplasm of the 
liver cell: thus, the reactions of the Krebs cycle would not be exclusively a 
function of the michondria. In contrast, TPN cytochrome-c reductase is 
almost entirely associated with the mitochondria (49 per cent) and the 
submicroscopic particles (36 per cent). DPN-cytochrome-c reductase is 
concentrated to a much greater extent in the submicroscopic particles of 
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rat and mouse liver than in mitochondria. Incidentally, it is suggested that 
the low activity of the TPN-cytochrome-c reductase system may be a limit- 
ing factor in the Krebs cycle. 

Miscellaneous.—A number of papers deal with the nonenzymatic process: 
the activation of oxygen on the surfaces of the cells [Yamafuji, Inaoka & 
Wada (97)]; the content of glutathione during germination [Lawrence (98)]; 
the catalytic effect of amino acids on the nonenzymatic decarboxylation of 
oxaloacetic acid [Bessman & Layne (99)]; the relation between the oxido- 
reductive properties of tocopherol and vitamin E activity [Michaelis & 
Wollman (100); Mackenzie, Rosenkrantz, Ulick & Milhorat (101)]. 

In a symposium sponsored by the Biochemical Society at London in 
1949 (102), the biological oxidation of aromatic rings was discussed. Although 
devoted to specialised questions of metabolism, the manner in which they 
have been treated makes them of general interest. 


TRICARBOXYLIC AciID CYCLE 


New evidences of the cycle——Although the possible importance in tissues 
of some direct oxidative processes is admitted, the pathway via the glyco- 
lytic intermediates and especially by the tricarboxylic acid cycle is being 
more and more accepted as the principal and common pathway in the 
oxidative degradation of carbohydrates, proteins, and fat. New evidences 
of this passage via the tricarboxylic acid cycle are reported. 

The formation of citrate and a-ketoglutarate through a condensation 
of pyruvate or a derivate of pyruvate with oxaloacetate implies at some stage 
an oxidative decarboxylation to a C2 fragment. Similarly, Coxon & Peters 
(103) find in brain tissue from vitamin B, deficient pigeons that cocarboxy- 
lase as well as oxygen is necessary for maximum formation. 

Lindsay, O’Donnell & Edson (104) interpret their studies of the action 
of iodoacetate on the metabolism of M. ranae as evidence in favour of a 
normal pyruvate metabolism by way of acetate, without excluding however 
the possibility of an independent oxidation. Keltch, Strittmatter & Walters 
(105) find that the generation of high-energy phosphate bonds in the Arbacia 
egg is coupled, as it is in mammalian liver or kidney, with the functioning 
of the tricarboxylic acid cycle. With the isotopic technique Lorber, Lifson, 
Wood, Sakami & Shreeve (106) observed that the major fraction of the ad- 
ministered lactate carbon which is converted to liver glycogen passes by way 
of the tricarboxylic acid cycle prior to this conversion. The isotopic study 
(107) of glycogen formed from labeled propionate leads also to the conclusion 
that there exists an unknown intermediate, X, between the propionate and 
the pyruvate in the tricarboxylic acid cycle. This is necessary to explain the 
almost completely random distribution of the isotopic a- or B-carbons of 
propionate between the a- and B-positions of the pyruvate formed from X. 
The oxidation of glutamate by typhus rickettsiae [Bovarnick & Miller (108)] 
involves the same series of reactions as those in mammalian tissue particles, 
that is conversion to a-ketoglutarate and ultimately to carbon dioxide and 
water via the citric acid cycle. 

Geyer, Matthews & Stare (109) have studied fatty acid oxidation. They 
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measured the amount of carbon dioxide derived from radioactive trilaurin 
and sodium octanoate by liver and kidney slices. The inhibition by malonate 
is not counteracted by fumarate, malate, oxaloacetate, pyruvate or a-keto- 
glutarate. However, each of these compounds per se stimulates fatty acid 
metabolism. Malonate is assumed to block the metabolism prior to the tri- 
carboxylic acid cycle at the succinate—fumarate stage. 

It is appropriate to note here the work of Weiman, Chaikoff, Dauben, 
Gee & Entenman (110) which supports the view that once attached to its 
oxidative enzyme system, the palmitic acid molecule remains associated 
with it until the molecule is broken down to smaller units, possibly the 2- 
carbon fragments. In contrast, a process of oxidation which appears to 
differ from the Krebs cycle is, according to Kuck (111), the oxidation of 
linolenic acid in liver. 

Mechanism of the cycle-——As evidence in favour of the citrogenase pathway, 
Meduski (112) reports that pig heart preparations give an additional for- 
mation of citric acid when sodium bicarbonate is added and fail to do so when 
citrogenase activity is removed by previous bicarbonate extraction. 

The condensation of acetate with oxaloacetate, as the first step in the 
metabolism of acetate, has received a new confirmation. On incubation of 
C™ carboxyl labelled acetate with oxaloacetate, ATP, magnesium and 
malonate in rabbit kidney suspensions, Rudolph & Barrén (113) have demon- 
strated the formation of labelled citric acid in the primary carboxyl groups. 
In the absence of malonate the Krebs cycle operates, and C" is found in the 
tertiary carboxyl groups. The increase in the synthesis of citrate in the pres- 
ence of magnesium lends support to the idea that citrogenase is a magnesium- 
protein. As for ATP, it presumably forms a complex (not acetyl phosphate) 
resulting in a labilisation of the methylene group of acetate. 

The experiments of Novelli & Lipmann (114) are in accord with such an 
activation. In extracts of E. coli, synthetic acetyl phosphate is converted 
into an acetyl donor which is more active than ATP plus acetate, which 
proves that a direct donation is involved. 

In these extracts, as in yeast cell suspensions, coenzyme A acts as an 
activator of acetate in citric acid synthesis. We should mention here that 
this coenzyme has been isolated from hog liver by Lipmann, Kaplan, Novelli, 
Tuttle & Guirard (115). The coenzyme appeared to be composed of pantho- 
thenic acid presumably linked to an amino acid and through a phosphate 
bridge to adenylic acid. 

As for the enzymes involved in the process of condensation according to 
Stern, Shapiro & Ochoa (116) a first enzyme A activates acetylphosphate, 
probably the Stadtman’s transacetylase. A second enzyme B named con- 
densing enzyme, catalyses the condensation with oxaloacetate to citrate, 
and has been isolated from pig heart in crystalline form. The existence of 
these two enzymes clarifies certain aspects of pyruvate metabolism. Working 
with soluble enzyme preparations from E. coli and Streptococcus faecalis, 
Korkes, Stern, Gunsalus & Ochoa (117) found that the E. coli extract 
used contained limiting amounts of condensing enzyme, but S. faecalis 
preparations were completely devoid of it. Both extracts catalyse the dis- 
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mutation of two molecules of pyruvate to acetylphosphate, lactate, and 
oxygen, in presence of orthophosphate, DPN, Mg** or Mnt+, diphospho- 
thiamine, boiled extract of yeast, lactic dehydrogenase, and coenzyme A. 
This dismutation can be formulated: 

(a) pyruvate+phosphate+ DPN—acetylphosphate ++ CO.+ DPNH 

(b) pyruvate+ DPNH—lactate+DPN 

In complete absence of orthophosphate, the reaction rate is sharply 

reduced and no acetyl phosphate accumulates. But the two extracts form 
citrate, provided the pyruvate dismutation system is supplemented with 
oxaloacetate and condensing enzyme. These facts may be explained if we 
admit for the reaction (a) the mechanism represented by the following 
scheme (diagram I), where the hypothetical coenzyme may be coenzyme A- 


pyruvate + coenzyme -2H acetyl-coenzyme +CO: 
2 







-phosphate -oxalo- + oxaloacetate 
acetate 
+ phosphate 
(a) acetylphosphate + coenzyme (b) citrate +coenzyme 


Diagram I 


New details have been added to our knowledge of the cycle by Elliott 
& Kalnitsky (118). Sodium monofluoroacetate inhibits acetate oxidation by 
a preparation of washed rabbit kidney cortex. This inhibition is reversed by 
oxaloacetate, which indicates that the inhibition is due to a shortage of 
oxaloacetate caused by the stoppage of the tricarboxylic acid cycle at the 
citrate—cis-aconitate stage. Moreover, citrate but not cis-aconitate oxida- 
tion is inhibited when the tissue is incubated with fluoroacetate and oxalo- 
acetate for 15 min. before the addition of the substrate. That is understand- 
able if citrate is a precursor of aconitate and if fluoroacetate acts upon the 
reaction; citrate=cis-aconitate and not on the reaction cis-aconitate=—iso- 
citrate. 

In order to complete the study of the comnlex of enzymes carrying out 
the citric acid cycle, i.e., the cyclophorase system, Still, Buell & Green 
(119) have investigated a cyclophorase preparation of the rabbit kidney. 
For full activity it requires the presence of adenosine-5-phosphate, mag- 
nesium ions, and inorganic phosphate, but does not require added pyridine 
nucleotide. In addition, esterification of inorganic phosphate accompanies 
the oxidation. This behaviour contrasts with the properties of isolated L- 
glutamic oxidase. The cyclophorase system studied contains the full comple- 
ment of the enzymes and coenzymes necessary for the complete oxidation 
of L-alanine by way of the citric acid cycle (120). 

Hartman & Kalnitsky (121) have studied the competitive effects of 
metallic ions on citrate oxidation. The idea of a participation of insulin in 
reactions of the tricarboxylic acid cycle is enhanced by the researches of 
Goranson & Erulkar (122) and of Villee & Hastings (123). Concerning tech- 
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nique, Racker (124) reported a spectrophotometric method of measuring 
the enzymatic formation and disappearance of fumaric and cis-aconitic acids. 


RESPIRATION 


The metabolism of various tissues has been studied: appendix of rabbit 
[Redfield & Barrén (125)] which possesses a high transaminase activity; rabbit 
bone marrow [Evans & Bird (126)]; hemolysed nucleated erythrocytes of 
the pigeon [Ashwell & Dische (127)]. Some papers are devoted to the enzy- 
matic systems of Ascaris [van Grembergen, van Damme & Vercruysse (128)], 
of Platehelminthes [van Grembergen (129), Hublé & van Grembergen (130)], 
of the bloodstream forms of trypanosomes [von Brand, Tobie & Mehlman 
(131)]. Stumpf (132) finds the same enzymatic equipment in pea seeds as 
is found in animals. 

Reinvestigating the old question of the relation between body size and 
respiration, Krebs (133) proposes a medium standard for the measurement 
of the tissue respiration. He finds that the Qo, values of the tissues of larger 
animals are, in general, somewhat lower than the homologous values of the 
smaller species. But no strict parallelism is found for the basal heat produc- 
tion per unit body weight of the animal. In the discussion of his results, 
Krebs insists on the fact that homologous organs of different species do not 
have identical structures and that changes of the Qo. values with body size 
may be expected in homologous tissues, even if the Qo, values of homologous 
cells are the same. 

Factors which influence respiration have been studied: O2 pressure in 
brain tissue [van Goor & Jongbloed (134)], and in yeast (Markovié (135)], 
as well as the effect on liver respiration of an unknown substance carried in 
the blood [Lundsgaard (136)]. In contrast with the claim of Eperjessy and 
Zathurecky, Long (137) has observed no lowering of the R.Q. or of Qos of 
the rat-liver slices by action of aliphatic amines and related compounds. 
Only choline has been found to produce a slight inhibitory effect on endog- 
enous respiration. D-amino acid oxidase activity of rat liver is found to be 
decreased by the addition of folic acid to the diet of rats which have been 
subjected to glycine toxicity or to experimental hyperthyroidism. This prop- 
erty of folic acid may be general for all flavin enzymes [Kelley, Day & Totter 
(138)]. 

It is shown by Rienits (139) that the oxidation of tyrosine in slices of 
guinea pig liver depends upon the L-ascorbic acid nutrition of the animal. 
The oxidation by slices from scorbutic animals can be restored by addition 
of L-ascorbic acid. No significant effect is observed in homogenates, but L- 
ascorbic acid and folic acid stimulate the disappearance of tyrosine from 
the supernatant solutions obtained from centrifugation of the homogenate. 

Comparison between thiocyanate and cyanide inhibition is made by 
Olsen (140). Thiocyanate is less inhibiting than cyanide on oxygen uptake 
by broken-cell preparations of organs of guinea pigs. However, oxidation of 
amino acid substrates is strongly inhibited at a concentration of about 0.0001 
M thiocyanate, although similar low concentration of cyanide did not inhibit 
these oxidations. 
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It is well known that oxygen consumption of various types of tissue is 
accelerated by low concentrations of 2,4-dinitrophenol but inhibited by 
slightly higher concentrations, and that concentrations which augment respi- 
ration reversibly block cell division, i.e., they inhibit synthetic processes 
without affecting catabolism. Tyler (141) has studied factors affecting the 
action of DPN on the oxygen uptake of excised rat brain, notably the con- 
centration of the drug, the age of the animal, and the type of substrate used 
in the respiring media. Moreover, it is reported (142) that in water homoge- 
nates of rat brain stimulation by dinitrophenol disappears. 

Clowes, Keltch, Strittmatter & Walters (143) described the inhibiting 
or stimulating effects of 4,5-dinitrocresol and other substituted phenols on 
oxygen consumption and phosphorylation in a cell-free particulate system 
of unfertilized Arbacia eggs. In every case, the effects of these phenols upon 
the cell-free particulate system parallel those in intact fertilized eggs. 

The effect of 10-* M 2,4-dinitrophenol on acetate oxidation and associated 
phosphate uptake by Saccharomyces cerevisiae was studied by Stoppani (144). 
There is inhibition at pH 4.5-4.8 although this effect cannot be detected at 
pH 7.3. In contrast, the endogenous respiration of fresh yeast is rather 
stimulated by dinitrophenol. 

Watts (145) found that methadone at a given concentration inhibits the 
oxidation of ascorbate, succinate, and glucose but not of anaerobic glycoly- 
sis. The action of narcotics appears to be different and seems to be rather a 
deviation of metabolism. In presence of narcotics, Rosenberg, Buchel, 
Etling & Levy (146) observed in brain tissue in vitro an important augmenta- 
tion of aerobic glycolysis accompanied by a less important inhibition of 
respiration and consequently an inhibition of the Pasteur effect. 

Florijn and Smits have advanced a hypothesis to explain the action of 
urethane and arsenite on malignant growth. The enzyme system responsible 
for energy production in malignant tumours is assumed to be working at 
maximal rate, while the respiration of the other tissues in situ proceeds at a 
“normal” rate, much below the maximal capacity of their enzyme systems. 
In support of this hypothesis, it was found (147) that inhibition in kidney and 
liver minces, and in yeast, increased with increasing rate of respiration or 
fermentation. This effect is coherent with the enzyme kinetics, as generalised 
by Straus and Goldstein, who take into consideration the concentration of 
the enzyme as compared with the substrate concentration. 

Although more interesting from the point of view of photosynthesis, some 
papers on the action of light should be mentioned. Kok (148) has con- 
cluded from the relation found between light intensity and the rate of photo- 
synthesis that there exists a more or less complete suppression of dark respi- 
ration by the photochemical reaction. According to Calvin & Benson (149), 
who have shown that 2-phosphoglyceric acid is a product of CO: fixation 
in photosynthesis, metabolism is diverted in light from the tricarboxylic 
acid cycle and proceeds through another cyclical process leading to carbon 
dioxide fixation. Steward & Thompson (150) propose another interpretation 
of the findings of Calvin and Benson; under the conditions of reduced carbon 
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dioxide tension in the cells, the Krebs cycle and respiration would utilise 
carbon sources drawn from amino acids rather than sugar. 


ORIENTATION OF REACTIONS 


As usual, the most studied of the factors intervening in the orientation 
of metabolism is oxygen. A series of papers by Aubel, Rosenberg & Szulmaj- 
ster (151) and by Aubel & Szulmajster (152) are devoted to a study of fermen- 
tation and respiration in E. coli. Malonate and azide do not inhibit the respi- 
ration of proliferating E. coli in the presence of glucose or pyruvate, but in- 
hibit oxidation of hexosephosphate, phosphoglycerate and C, acids. Mono- 
iodoacetate inhibits respiration in the presence of all these substrates as 
does cyanide, except for pyruvate which probably forms a nontoxic cyano- 
hydrin. In addition, Cy acids are not fermented under the experimental con- 
ditions, and (153) respiration as well as fermentation is accompanied by 
phosphorylation. To interpret these and many other observations in con- 
nection with the specificity of action of the inhibitors, as well as with the 
passage of phosphatases (152) and of inhibitors across the cell boundary 
(154), it is suggested that in aerobic respiration of E. coli, Oz is not activated 
but produces hydrogen peroxide. This metabolism represents a ‘‘pseudo 
respiration,” if respiration is defined as a series of processes culminating in 
the fixation of hydrogen on active oxygen by means of the Warburg-Keilin 
system. 

Thus, according to this interpretation, the action of oxygen in E. coli 
takes place in the last stages of the fermentative process, and is in contrast 
with the action of oxygen in the Pasteur effect. This latter effect defined as 
a “strictly reversible and non-progressive inhibition produced by air or 
oxygen on the steady rate of glycolysis or fermentation of cells and tissues,” 
has been obtained by Meyerhof & Fiala (155) with rapidly dried baker’s 
yeast, with or without ultrasonic treatment, and with Spiegelman’s yeast 
(which contains only 3 per cent of living cells). The Meyerhof quotient (M. 
Q.), i.e., the ratio mol. COz fermentation suppressed by oxidation/mol. O2 
consumed, varies from 1 to 2.5. The simultaneous inhibition of the Pasteur 
effect and of aerobic phosphorylation by nitrophenol clearly indicates that 
the effect acts upon a phosphorylating step. Moreover, it is shown that 
aldolase activity in yeast, after sonic vibration, is the same in oxygen and 
nitrogen, with or without the presence of nitrophenol. An activation of the 
rate of anaerobic fermentation is produced by adding carbonate treated 
cozymase to Speigelman’s yeast. This activation is weaker in the presence 
of oxygen. However, the authors question whether this inhibition by oxygen 
is a true Pasteur reaction, according their definition. 

Chaix and co-workers (156) conclude work on the oxidation of epinephrine 
by a suggestion relative to the mechanism of intervention of adrenochrome 
in glycolysis. The oxidation of epinephrine by oxygen and by potassium ferri- 
cyanide differs depending on whether bicarbonate or phosphate is used as 
a buffer. It is assumed (157) that phosphate combines with an intermediate 
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in the oxidative degradation of epinephrine and that the inhibitory effect of 
epinephrine on glycolysis is due to a binding of phosphate. 

Some modification of metabolism may be ascribed to quantitative changes 
in the concentration of the substrates. However, the interpretation of the 
experiments on the influence of substrate concentration may be delicate, 
as shown by the work of Aldous, Fisher & Stern (158). The rates of oxygen 
consumption and carbon dioxide production by yeast were determined as 
functions of the glucose concentration and of the presence of urethane. One 
of the conclusions of these authors is that endogenous respiration may not be 
mediated by the same chain of reactions occurring when glucose is present in 
the medium. 

Carbohydrates and fatty acids are frequently considered in competition 
for the oxygen available to the normal liver cell, carbohydrates being utilised 
preferentially. Weinhouse, Millington & Friedman (159) have argued against 
this concept; they studied the effect of endogenous glycogen and added 
pyruvate on the oxidation of isotopically labelled fatty acids by liver slices. 
No inhibition was found, but in many experiments there was an increase 
in the rate of fatty acid oxidation. They suggest that the diminution of 
ketogenesis in the presence of carbohydrate is due to catalysis of the ketoly- 
sis. By supplying oxaloacetate, carbohydrate can direct the metabolism of 
the acetyl derivative formed by B-oxidation of fatty acids to complete oxida- 
tion via the Krebs cycle. 

Competitive hydrogen carriers can, according to Quastel & Hochster 
(160), markedly affect metabolism. These authors have found that diethyl- 
stilbestrol acts as a hydrogen carrier with alcohol and lactic dehydrogenases 
and amino acid oxidase. They explain the inhibition by stilbestrol of glucose 
oxidation in the brain and of the succinoxidase system in animal tissues as 
being due to competition with other more active hydrogen carriers. 

Another mechanism for the orientation of metabolism consists of the 
development of new enzymatic systems. A number of modifications in the 
enzymatic pattern of unicellular organisms brought about by environmental 
conditions have been reported and discussed from the genetic point of view. 
Variations of a considerable amplitude directly concerning the synthesis 
of cytochromes were demonstrated in yeast by Ephrussi & Slonimski (161). 
S. cerevisiae grown under anaerobic conditions during six cell generations 
presents a spectrum of the cytochrome system which differs from the one 
normally observed in cells cultivated aerobically. The cytochrome-c content 
is less than 1/150 of the normal value and the ac band is invisible. These 
modifications are reversible and the reestablishment of the typical system 
can be produced in the presence of oxygen even in nonproliferating cells. The 
metabolic variations are parallel to the spectroscopic changes. The authors 
view these modifications as a process of enzymatic adaptation. Chin (162) has 
also demonstrated an alteration produced by aeration, both in the cyto- 
chrome components and in the metabolic activity in nondividing brewer's 
yeast, i.e., without possibility of selection. In particular, aeration splits the 
b, band into b and c bands, the latter becoming more and more intense, while 
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the 6 band diminishes to a weak shadow. At the same time, oxygen uptake 
increases and carbon dioxide output decreases. 

In mammalian tissues, Gilmore & Samuels (163) observed that the oxi- 
dative metabolism of striated muscle from rats on a high fat diet is different 
from that observed after a high carbohydrate diet. However, here the 
authors believe that these differences are due to variations in the concen- 
trations of readily available substrate within the cell, rather than in enzyme 
activity. 
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NONOXIDATIVE, NONPROTEOLYTIC ENZYMES' 


By W. R. FRISELL AND LESLIE HELLERMAN 


Department of Physiological Chemistry, The Johns Hopkins University, 
Baltimore, Maryland 


The summary of progress in this area has required consideration of 
1,500 references, of which over 400 deal with phosphatase and phosphorylase 
processes, 250 with esterases and lipases, and a like number with enzymes 
concerned with carbohydrates. Evidently, the choice of material for re- 
view must be rather arbitrary; treatment of many important papers will be 
postponed, and the subject matter can indicate only trends in several fields. 
There is necessary and wholesome duplication in other pertinent chapters. 

Phosphatase.—Progress relating to clear-cut delineation of phosphatases 
as specific enzymes and characterization of so-called acid and alkaline 
phosphatases is not encouraging. However, an enzyme of rat and guinea 
pig liver, apparently specific for glucose-6-phosphate has been studied by 
de Duve et al. (1). Liver glucose-6-phosphatase, partially purified by Swan- 
son (2), was devoid of phosphoglucomutase or glucose-1-phosphatase activ- 
ity; it was extremely heat-labile, and with a pH optimum of 6.5 was excluded 
from the category of ‘‘acid”’ or ‘‘alkaline’”’ phosphatases. 

Alkaline phosphatases have been reviewed by Roche & Thoai (3). Cour- 
tois et al. (4) and Das & Giri (5) described fractionation procedures for vari- 
ous phosphatases. Sadasivan (6) obtained evidence for an alkaline phos- 
phatase in Penicillium crysogenum Q-176 containing zinc, but alkaline 
phosphatase of Boletus edulis seemed instead to require magnesium (7). 
Bollman & Flock (8) concluded that bile is involved in the transport or release 
of alkaline phosphatase from intestinal mucosa. 

The reviewers regret the necessity of omitting reference to numerous 
papers dealing with the occurrence of phosphatase activity in plant and ani- 
mal tissues as well as with correlations in specific diseases and with diagnosis. 
Numerous papers dealing with cytochemical investigation of phosphatase 
have appeared. With the aid of improved methods, the distribution of alka- 
line phosphatase in 129 human tumors was presented (10). Localization of 
nucleic acid phosphatases and other enzymes was aided by use of frozen 
sections of fresh unfixed tissue and the application of specific activators (11). 
A critical discussion of the technique of Gomori (12) as well as modifications 
and extensions of this method have appeared (13). 

Phosphatases of plasma and of various organs in rachitic chicks have 
been compared with respect to activation and pH optima (14). Roche & 
Sarles (15) have attempted to differentiate the alkaline phosphatases of 


1 The survey of the literature pertaining to this review was concluded in Novem- 
ber, 1950. 
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various tissues. At pH 9.4 and 37°, with 8-glycerophosphate as substrate, 
they found widely differing K, values for the enzymes of bone, intestine, 
kidney, and liver. On the other hand, similarity in the effects of various 
buffers on the dissociation of enzyme-substrate complexes and pH optima 
of alkaline serum and kidney phosphomonoesterases was taken by Aebi (16) 
to suggest the identity of these enzymes. The phosphodiesterases of swine 
serum that are active with diphenylphosphate ion at pH 4.5, 6.8 and 8.5 
were activated by Mg** and only weakly inhibited by F~, while the mono- 
esterase acting at pH 4.5 was not affected by Mg** but was strongly inhibited 
by F~ (17). Ek, von Euler & Hahn have reported on a co-phosphatase [(18); 
cf. (19)]. There was observed (20) hydrolysis of glycerophosphate in the 
presence of Mg** and several chelating substances, designated as ‘‘phos- 
phatase models.” 

Differences in bovine alkaline phosphatases were demonstrated in the 
studies of Zittle & Della Monica (21) with the aid of various inhibitors. 
Beryllium studies have continued. Aldridge (22) indicated that the Bett 
inhibition of alkaline kidney phosphatase could be reduced from 80 to 30 
per cent by the addition of Mg** (Mg**: Bet, 40,000); DuBois ef al. (23) 
claimed that Mnt*, Cot, or Ni** but not Mg** antagonized the Be*t+ 
inhibition of serum phosphatase. Anagnostopoulos (24) attempted to differ- 
entiate alkaline and acid phosphatases with respect to the reactivity of their 
amino groups toward ketene, nitrous acid, etc. The Mgt*-activated pyro- 
phosphatase of rat brain was strongly inhibited by alloxan, Cut, iodoacetate 
and mapharside. The inhibitions were stated to be reversed by cysteine (25). 

In their investigations of polymetaphosphate and its breakdown, Ingel- 
man & Malmgren (26) found that Proteus vulgaris and also the fungi belong- 
ing to Ascomycetes hydrolyzed synthetic polymetaphosphate. Ultracentrifu- 
gal experiments with a metaphosphatase in the presence of its substrate 
apparently suggested the formation of a substrate-enzyme complex. An 
inorganic polymetaphosphate of mol. wt. 6000 to 7000 was isolated 
from Aspergillus niger. 

Adenosinetriphosphatase-—Frank et al. (27) studied the properties of 
water-extractable apyrases of frog liver, muscle and eggs, and of chicken 
erythrocytes and plasma; in the red cell, 90 per cent of the apyrase activity 
was in the nucleus, while in liver the activity was mainly in the cytoplasm. 
Aqueous extracts of rabbit muscle were fractionated by Humphrey & 
Humphrey (28); with ammonium sulfate they precipitated adenosinetri- 
phosphatase and eliminated simultaneously the accompanying inorganic 
pyrophosphatase. A triphosphatase, Mg**-activated, of snake and scorpion 
poison was obtained by Zeller (29). With this, hydrolytic dephosphorylation 
proceeded without deamination until one equivalent of phosphate per mole 
of ATP had been obtained. Furthermore, the venom of Bitus gabonica con- 
tained an enzyme apparently capable of splitting ATP to adenylic acid and 
pyrophosphate (30). Binkley & Olson (31) purified partially a water- 
soluble, Mg**-activated, adenosinetriphosphatase of brain which, however, 
hydrolyzed also inorganic pyrophosphate. The adenosinetriphosphatase 
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system in rabbit muscle, investigated by Kielley & Meyerhof (32), apparent- 
ly required for activity a choline component in the phospholipid present, 
since inactivation of the enzyme and hydrolysis of the phospholipid by 
lecithinase of Clostridium welchii proceeded concomitantly. Inactivation 
was not attributable to the products of lecithinase action. Bailey investi- 
gated the assay of ATP and ADP in the presence of myosin adenosinetri- 
phosphatase, acting alone or with myokinase (33). 

As with other phosphatases, inhibition studies with adenosinetriphos- 
phatase often are difficult to interpret. There is the element of suggestion 
by several authors that sulfhydryl groups are in some way associated with 
the catalysis and that metal complexes may play a part. Goth et al. (34) found 
that mercuric chloride and a diuretic of the type, R-Hg-OH, were inhibitory 
to the adenosinetriphosphatase activity of rat kidney homogenates. For a 
critique of the role of metal ions in enzyme systems, see (35). 

Diminution of adenosinetriphosphatase in hepatoma in comparison with 
mouse liver was attributed to low mitochondrial activity (9). 

Phosphorylase and related subjects Sumner et al. (36) accomplished 900- 
to 1000-fold concentration of jack bean phosphorylase and found that the 
purified enzyme had approximately 4 yg. of bound flavin adenine dinucleo- 
tide (FAD) per mg. Two reviews have appeared (37, 38), while the mecha- 
nism of phosphorolysis has been discussed by Kritskii (39). Potato phos- 
phorylase apparently is inhibited by B-amylase [(40); cf. (41)]. 

Friedkin et al. (42, 43) isolated desoxyribose-1-phosphate after enzymatic 
phosphorolysis of guanine desoxyriboside and showed that the former com- 
pound reacts with hypoxanthine in the presence of nucleoside phosphorylase 
to form hypoxanthine desoxyriboside. Canzanelli et al. (44) observed disap- 
pearance of inorganic phosphate in homogenates but did not find mononucle- 
otide formation in the presence of adenosine. Leuthardt & Testa (45) ob- 
tained a protein from liver that effected phosphorylation of fructose and 
sorbose in the presence of ATP and Mg**. 

Using isotopic techniques, Lindberg et al. (46) found that the “stable” 
phosphate group in ATP and ADP was renewed at a much higher rate in 
liver and brain than in muscle. The organic compounds with radioactive 
phosphate, obtained after injection of P® intracranially in the rat, consisted 
chiefly of ATP and creatine phosphate (47). 

The crystallization of ATP-arginine transphosphorylase of crayfish 
muscle was reported (48). 

A transphosphorylation involving two molecules of glucose-1-phosphate 
was postulated by Leloir et al. (49) for the mechanism of formation of 
glucose-1,6-diphosphate from glucose-1-phosphate in E. coli. Stadtman & 
Barker (50) found that the reversible transfer of the phosphoryl group of 
monoacetyl phosphate to adenylic acid and to ADP with preparations of 
Clostridium kluyveri probably is direct; no myokinase could be detected. 
Enzyme preparations catalyzed also the transfer of the phosphoryl! group of 
acetyl phosphate to fatty acids of three to six carbon atoms without media- 
tion by adenylic acid or ADP. Jacob & Pascaud (51) confirmed the require- 





26 FRISELL AND HELLERMAN 


ment for preliminary phosphorylation in the transformation of palmitic and 
stearic acids to palmitoleic and oleic acids. A transphosphorylation in the 
absence of nucleotides was demonstrated by Meyerhof & Green (52) in the 
formation of phosphate esters invoked by alkaline intestinal phosphatase in 
several systems including P*-phosphocreatine and glycerol and glucose and 
P®_phosphate. [cf. (53)]. 

There was observed in brain extracts phosphorylation of d-glucosamine 
through the ATP system (54). 

A detailed article on the requirement of catalytic amounts of 2,3-diphos- 
phoglyceric acid in the action of phosphoglyceric mutase now has appeared 
(55). In studies bearing upon the formation of the 2,3-acid from 3-phospho- 
glycerate and ATP specifically in rabbit erythrocytes, Rapoport & Leubering 
(56) presented evidence for a two-step process involving the intermediate 
formation of 1,3-diphosphoglycerate, from which, in the presence of ‘‘di- 
phosphoglycerate mutase,”’ the stable 2,3-compound was formed. Leloir e¢ al. 
(57) described the isolation from baker’s yeast of the coenzyme for the galac- 
tose-1-phosphate: glucose-1-phosphate transformation, characterized as a 
uridine-5-pyrophospho-(1)-glucose. 

Isomerase—Oesper & Meyerhof (58) investigated the equilibrium, di- 
hydroxyacetone phosphate=p-glyceraldehyde-3-phosphate. By following 
the disappearance of p-glyceraldehyde-3-phosphate, the activity of the iso- 
merase was found to be 40 to 200 times greater than that of aldolase in several 
tissues. Using a partially purified phosphomannose isomerase of rabbit 
muscle together with Lohmann’s isomerase, Slein (59) obtained an equilib- 
rium mixture of hexose monophosphates of 57.4, 25.5, and 17.1 per cent 
glucose-, fructose-, and mannose-6-phosphates, respectively. 

Kinases.—Vestling et al. (60) investigated the fructokinase and gluco- 
kinase activities in rat liver homogenates and slices and found that trans- 
phosphorylation proceeded 10 times more readily with fructose than with 
glucose. The presence of galactokinase in rat liver was claimed by Bacila 
(61). Studies of the kinases for the phosphorylation of ribose and adenosine 
were reported (62). 

The interrelationship between mannose, glucose, and fructose with re- 
spect to their utilization in the presence of hexokinase of yeast and brain 
was studied by Cori, Cori & Slein (63). The order of affinity for the three 
sugars and the yeast enzyme, as determined by the enzyme-substrate con- 
stants, was mannose> glucose> fructose, while the order with respect to 
maximal veloxity was fructose>glucose> mannose. Fructokinase of liver 
and muscle was not inhibited by glucose. Stadie et al. (64) found that adrenal 
cortical extract and insulin, used singly or together, did not affect the hexo- 
kinase in muscle extracts of depancreatized cats. 

Coenzyme synthesis.—Kornberg and co-workers continued studies (65) 
of nucleotide pyrophosphatase and coenzyme synthesis. Potato nucleotide 
pyrophosphatase was purified 750-fold, its specificity extending to hydrolysis 
of DPN, TPN, (di- and triphosphopyridine nucleotide), FAD, ADP, ATP, 
and thiamine pyrophosphate. FAD, bound as a prosthetic group, apparently 
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was not attacked. From yeast and hog liver an enzyme was purified that was 
specific for a reversible process involving a new role for ATP: 


Nicotinamide mononucleotide+ATP@DPN + Pyrophosphate ion 


The equilibrium constant was 0.45; Mgt* (not Mn**) was required. A 
similar biosynthetic process for flavonucleotides occurred in the presence of 
an enzyme partially purified from beer yeast: 


Flavin mononucleotide + ATP@FAD + Pyrophosphate ion 


Inasmuch as the enzyme fractions contained nucleotide pyrophosphatase 
inhibitors were used to prevent interference. Finally, evidence for the follow- 
ing enzymatic process was presented: 

DPN+ATP@TPN+ADP 


Here, nicotinamide mononucleotide could not replace DPN with the purified 
enzyme from top ale yeast. With the use of purified nucleotide pyrophos- 
phatase, there was obtained (66) from TPN a diphosphoadenosine fragment, 
in all probability adenosine-2,5-diphosphate. Accordingly, cogent evidence 
was presented that TPN is a dinucleotide in which adenosine-2,5-diphos- 
phate is combined with nicotinamide mononucleotide. 


LIPASES AND ESTERASES 


Esterase.—T he esterase of horse liver, it is now reported, has been purified 
about 270-fold by Stotz et al. (67). Rossiter & Wong (68) described an ester- 
ase of rabbit polymorphonuclear leucocytes that hydrolyzed esters of fatty 
acids of low molecular weight, but not triglycerides such as triolein. The 
presence of a factor in blood that could accelerate hydrolysis of the ester 
form of vitamin A is reported by Krause & Alberghini (69). Eden & Sellers 
(70) followed the hydrolysis and esterification of vitamin A during absorption 
and found that the absorbed vitamin apparently remained esterified after 
traversing the intestinal wall. Using the three chromatogenic substrates 
prepared from 8-naphthol and acetic, lauric, and stearic acids Nachlas & 
Seligman (71) investigated esterolysis in kidney, liver, and pancreas of six 
species. Their results suggested that esterase and lipase are two distinct 
enzymes. Bischoff et al. (72) demonstrated esterase activity in serum with 
respect to such substrates as estradiol benzoate and dipropionate as well 
as estrone acetate. 

The effect of chloramphenicol upon E. coli may be associated with its 
action upon esterase, according to Smith ef al. (73). Although minute con- 
centrations inhibited the bacterial esterase in vitro, only concentrations in the 
therapeutic range affected markedly both growth and intracellular esterase 
activity. Using diisopropylfluorophosphonate labeled with P®, Boursnell & 
Webb (74) observed that complete inactivation of horse liver esterase resulted 
from the combination of a mole of inhibitor per 96,000 gm. of enzyme. The 
intensive studies of Neurath et al. (75) with respect to esterase activity of 
trypsin, chymotrypsin, etc., are treated in another chapter. 

Inasmuch as only the L-amino acid ester was hydrolyzed under the condi- 
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tions used, Wretlind (76) was able to resolve D,L-phenylalanine by digestion 
of the isopropyl ester with a pancreatic extract. 

Cholesterol esterase.—Swell et al. (77) compared cholesterol esterases in 
commercial pancreatin, various sera, and rat intestinal mucosa and noted 
that the pH optimum for esterification in all cases was 6.1 to 6.2, bile salts 
being essential. Fodor (78) investigated the hydrolysis and also the formation 
of cholestery! butyrate in hog pancreas homogenates and found the pH 
optima for the two processes to be 6.3 and 5.2, respectively. 

Lipase.—Fiore & Nord (79) purified the intracellular lipase of Fusarium 
lini Bolley and obtained no evidence here for essential -SH groups. Tyrrell’s 
studies (80) of the turnover rate of P® in brain indicated that the turnover is 
greater for cephalin than lecithin; cephalinase had little or no action on 
lecithin. Seligman et al. (81) described a colorimetric method for lipase in 
dog and human sera. Gomori (82) developed a technique for the histochemi- 
cal localization of lipase. Tuba & Hoare (83) described a microtitrimetric 
method for estimation of the lipase activity of rat serum. 

The observations of Fodor (84) that lipolytic activities with respect to 
glycerides and esters of monohydric alcohols could be differentiated by heat 
and alkali treatment of pancreatic extracts were taken to suggest the 
coexistence of two enzymes. The anomalous inactivation of impure leci- 
thinase of Cl. perfringens with occurrence of greater inactivation at 60 to 
70° than at 100° was interpreted by Smith & Gardner (85) in terms of com- 
plex-formation involving Ca** or Mgt*. Schgnheyder & Volqvartz (86) 
reviewed aspects of pancreatic lipase and carried out a detailed kinetic study 
bearing upon the mechanism of hydrolysis of crystalline racemic 1-caprylyl 
glycerol. Kvamme ef al. (87) found the inhibition of wheat germ lipase by 
2,4-dichlorophenoxyacetate to be noncompetitive. Lipmann & Tuttle ob- 
served a lipase-catalyzed condensation of fatty acids and hydroxylamine in 
extracts of liver and pancreas. With liver esterase the chain length optimum 
was eight; pancreas lipase exhibited optimal activity with dodecanoate (88). 
Calcium was assigned an important role (89) in monoglyceride formation 
during lipolysis. 

Cholinesterase —Ord & Thompson (90) showed that benzoylcholine and 
acetyl-8-methylcholine were hydrolyzable in a large variety of tissues. The 
esterases involved were classified according to sensitivity toward diisopropyl- 
fluorophosphate. Levine et al. (91) pointed out that rabbit serum contains 
a benzoylcholinesterase distinguishable from the acetylcholinesterase also 
present. An esterase in Carcinus Maenas having the general properties of 
human “‘specific’”’ acetylcholinesterase was studied by Walop & Boot (92). 
The presence of an esterase active against acetylsalicylic acid, acetylsalicyl- 
choline, and tributyrin was demonstrated in the blood of the annelid, S. 
spallanzani, by Augustinsson (93). Chaudhuri (94) studied the properties 
of the partially purified acetylcholinesterase of cobra venom and found it to 
be specific for choline esters. A manometric procedure for determination of 
acetylcholinesterase in blood was developed by Schaefer & Maier (95). 
They presented also a critique of the significance of serum acetylcholin- 
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esterase. The electrometric method developed by Michel (96) for dete, mina- 
tion of erythrocyte and plasma acetylcholinesterase was further applied by 
Davies & Rutland (97). 

Thoai, Chevillard, & Mayer (98) felt that the acetylation of choline ap- 
parently was not coupled with transphosphorylation. They found no signifi- 
cant change in phosphate or in ATP during the process. 

Nachmansohn et al., in considering the nature of the active surface of the 
acetylcholinesterase molecule, distinguish two main centers: (a) an anionic 
center capable of reacting with the cationic portion of the substrate or inhib- 
itor; (6) an “‘esteratic”’ site. By correlation of pH and substrate concentra- 
tion and interpretation of the activity of acetylcholinesterase in terms of the 
presumed acid-base properties of the “‘esteratic’’ site of the enzyme, Wilson & 
Bergmann (99) determined the pertinent dissociation constants. Adams & 
Whittaker (100) derived an expression relating the difference in the ‘‘energies 
of attraction” of an enzyme and two closely related substrates, or two similar 
enzymes and an inhibitor, to the ratio of the affinity constants. This was ap- 
plied to choline inhibition of erythrocytic and plasma acetylcholinesterase, 
as well as other suitable processes. Nachmansohn et al. (101) ir.vestigated 
the mechanism of enzymatic formation of hydroxamic acids from certain 
carboxylic acids and their esters, finding the rates with the esters to be of 
significantly greater magnitude. [cf. also (102, 103, 104)]. They studied also 
the production of butyryl- and acetylcholine from choline and monobutyrin 
and ethyl acetate, respectively. Hestrin (105) found that the condensation 
of acetate and hydroxylamine was inhibited by choline at pH 6.3 and above. 

In investigating the mechanism of inhibition of rat brain acetylcholines- 
terase by diisopropyl fluorophosphate, tetraethyl pyrophosphate, and eserine, 
Bain (106) reported that only inhibition by the latter compound was reversi- 
ble and noted also that the structure necessary for inhibitory activity by 
B-chlorinated amines could be correlated with that required for convulsant 
activity (107). On the assumption that the inhibition of acetylcholinesterase 
of human erythrocytes by dicyclohexylfluorophosphate or diethyl-p-nitro- 
phenylphosphate is irreversible and further that there is involved exclusively 
a bimolecular reaction between the active centers and the inhibitor, Berry 
(108) calculated the turnover number of the enzyme to be 162,000. Myers 
(109) found that the affinity of the cholinesterases for eserine and prostigmine 
was decreased coincident with increase in the electrolyte concentration; the 
complex with diisopropylfluorophosphate was not so affected. This was 
consistent with the idea that the fluorophosphate combined only with the 
ester acceptor position of the enzyme and not with an anionic group. Employ- 
ing hexa-1-C-ethyl tetraphosphate, Brauer & Pessotti (110) presented evi- 
dence that one mole of the inhibitor inactivated one mole of enzyme protein 
provided that the combination involved the active group. 

According to Aldridge (111), the inhibitions of “specific’’ acetylcholin- 
esterase by p-nitrophenyldiethyl thiophosphate, p-nitrophenyldiethyl phos- 
phate, and diisopropylfluorophosphonate are not significantly reversible, 
while inhibition by 8-quinolyl diethylthiophosphate and nitrogen mustard 





30 FRISELL AND HELLERMAN 


is partially reversible. Kalsbeek et al. (112) presented evidence that butyryl- 
choline is an inhibitor for ‘“‘true’’ acetylcholinesterase and serves as a sub- 
strate for the ‘‘pseudo”’ esterase. Burgen (113) suggested that the irreversible 
inhibition of ‘‘true’’ acetylcholinesterase observed with tetraethyl pyrophos- 
phate and diisopropylfluorophosphate may be related to dialkyl phosphory- 
lation of the enzyme. It was found that 3-acetoxyphenyltrimethylammonium 
methylsulfate as well as its hydrolysis product, the 3-hydroxy compound, 
inhibit erythrocyte and serum acetylcholinesterase (114). Methylene blue, 
another cationic compound, was reported by Augustinsson (115) to inhibit 
competitively. Epinephrine was shown by Benson & Meek (116) to inhibit 
both “‘specific’”’ and ‘‘non-specific’’ esterases. A crude parallelism between 
the activity of ‘‘true”’ acetylcholinesterase of brain and poisoning by eserine 
was observed by Kalsbeek & Cohen (117). 


HypROLYTIC ENZYMES FOR CARBOHYDRATE SUBSTANCES 


Amylases.—Fischer et al. (118) crystallized a-amylase of human pancreas 
and observed identity in behavior with pig-pancreas amylase except as to 
certain properties at pH 8.0 (119). Malt a-amylase was purified by Holm- 
bergh (120) and Hultin (121). Hultin developed a viscosimetric and a 
_ colorimetric assay for the enzyme and employed an enzymatic method in 
determination of viscosity-molecular weight constants (122). 

A detailed study of the kinetics of malt a-amylase catalysis was presented 
by Schwimmer (123). Lowered substrate-enzyme affinities in the case of 
substrates with chain length less than 10 glucose units were in line with 
results indicating competition with starch by incompletely hydrolyzed split 
products of a-amylase action and noncompetitive inhibition by the end- 
products. Hultin found that calcium ions interfered with the inactivation 
of a-amylase (124). 

Fischer et al. (125) succeeded also in crystallizing malt B-amylase. The 
purified enzyme, unlike malt a-amylase, did not require CI- or Ca** ions, and 
in contrast to the sweet potato B-amylase, was inactivated irreversibly by 
certain heavy metal ions. 

French et al. described electrophoretic procedures for following the course 
of action of macerans amylase on amyloheptaose and maltose (126). They 
found also that with soy bean B-amylase, amyloheptaose and amyloheptao- 
nate were hydrolyzed to give, in addition to two moles of maltose, a mole of 
amylotriose and amylotrionate respectively; the latter two substances re- 
sisted attack by B-amylase [(127); cf. (128)]. In attempting to elucidate the 
mechanism of step-wise hydrolysis of amylose, Hopkins & Jelinek (129) 
found no significant difference in maximum velocities or Michaelis-Menten 
constants for amylose and a shorter fission product. French ef al. (130) 
investigated this question by use of varying conditions of temperature and 
pH. 

Hopkins & Jha (131) found that 8-amylase produced maltose from amylo- 
pectin 20 times as rapidly as from amylose. Halsall et al. (132), comparing 











yl- 
ib- 
ale 


rV- 
im 


ue, 
bit 
bit 
en 
ine 


eas 


im- 
la 


ted 

of 
ith 
lit 
nd- 


ion 


The 
und 
by 


irse 
hey 
‘ao- 
e of 


the 
29) 
ten 
30) 
and 


ylo- 
‘ing 





NONOXIDATIVE, NONPROTEOLYTIC ENZYMES 31 


the hydrolysis of amylopectin and glycogen, reported that both gave a limit 
dextrin containing twice the proportions of end-groups originally present. 

Barker, Bourne ef a/. characterized purified Q-enzyme of potato and 
reviewed its mode of action in comparison with related enzymatic mecha- 
nisms concerned in polysaccharide synthesis (133). The end product of the 
action of Q-enzyme on amylose is “‘indistinguishable’’ from amylopectin. 
Its action does not involve phosphate ion and is distinguished from the 
isophosphorylase (also in potatoes) of Bernfeld & Meutémédian (134); 
rather, Q-enzyme is stated to be similar to the ‘‘branching factor’ of heart, 
liver, and yeast (135). Amylopectin was observed to be synthesized from 
glucose-1-phosphate through the action of Q-enzyme acting in association 
with a phosphorylating enzyme (P-enzyme). Here it was presumed that the 
P-enzyme first builds up amylose-like polysaccharide chains which then 
serve as a substrate for the Q-enzyme. Gilbert et al. reported the crystalliza- 
tion of Q-enzyme (136) and noted that loss of activity upon dialysis was 
restorable by the addition of certain salts (137). The formation of maltose 
by the simultaneous action on glucose-1-phosphate of potato phosphorylase 
and soy bean amylase was reported (138). 

G. T. Cori & Larner (139) described muscle amylo-1,6-glucosidase which, 
together with phosphorylase, permits complete digestion of glycogen. 

The enzymatic decomposition of amylopectin (140) and of glycogen (141) 
has been discussed. 

Pectic enzymes.—Beaven & Brown (142) investigated an enzyme system 
of B. fulva which reduced the molecular size of pectin without production 
of galacturonic acid. The same mold elaborated, however, both pectin 
esterase and polygalacturonase (143). The action of polygalacturonase upon 
pectic acid has been held to be a random scission of chains of a-1,4-linked 
galacturonic residues (144). Lineweaver et al. (145) purified orange pectin 
esterase 100-fold and found it to be highly specific. 

Glucuronidase.—Sarkar & Sumner (146) concentrated the 6-glucuronidase 
of beef liver 6000-fold and Bernfeld & Fishman (147) employed ionic ex- 
change and methanol fractionation in isolating the enzyme from calf spleen. 
The enzyme system in mouse liver (148) [in mitochondria (149)] responsible 
for glucuronide synthesis seems to be clearly distinguished from 6-glucuroni- 
dase. The synthesis of o-aminophenylglucuronide did not proceed anaerobi- 
cally in mouse liver; furthermore, 2,4-dinitrophenol and azide were inhibitory 
(150). In male mice and ovariectomized females, estriol and estradiol, un- 
like estrone, did not cause increase in liver glucuronidase activity ; the estrone 
effect was ‘‘antagonized”’ by progesterone (151). The hydrolysis of steroid 
glucuronides by glucuronidase of L. coli has been investigated (152). 

Hyaluronidase.—Freeman et al. (153) and Tint & Bogash (154) effected 
further purification of hyaluronidase through ethanol and ammonium sulfate 
fractionations. Hyaluronic acid was isolated from cock’s comb by Boas (155) 
and methyl! hyaluronate and the acetylated derivative were prepared from 
the acid of human umbilical cord by Jeanloz & Furchielli. The formation of 
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a derivative with one trityl group per unit suggests that position 6 of the 
glucosamine moiety is not glycosidically linked (156). Rapport et al. (157) 
demonstrated a correlation between the reductimetric and turbidimetric 
hyaluronidase assays and concluded that each measures the extent of hy- 
drolysis of glucosidic bonds. Their studies with chondroitin sulfate-A indi- 
cated that this and hyaluronate were attacked by the same enzyme (158). 

Substituted phenols and benzoic acids were found by Calesnick & 
Beutner (159) effectively to inhibit hyaluronidase. Glick et al. (160) found 
that such basic aromatic compounds as 6-methoxy-8-(6-diisobutylamino- 
methyl) aminoquinoline dihydrochloride inhibited the enzyme and also 
inactivated serum inhibitor. Rosaniline and plasmochin had no effect on 
hyaluronidase, but potentiated the inhibitor [cf. also (161)]. 

A valuable monograph (162) on hyaluronidonase has resulted from a 
symposium held under the auspices of the New York Academy of Science. 

Lysozyme.—Fraenkel-Conrat (163) attributed the reversible inactiva- 
tion of lysozyme by iodine to halogenation of an imidazole nitrogen atom, 
and reported on a crystalline acetyl derivative. Fromageot et al. investigated 
the acid hydrolysis of lysozyme (164). 

Aldolase-——Dounce et al. (165) simplified further aldolase assay. The 
breakdown of fructose diphosphate in pea extracts was found to involve a 
conventional fermentation (166). 


AMIDASES AND RELATED ENZYMES 


Mohamed reported upon an electrophoretically homogeneous liver 
arginase (167) and he contributed also to the problem of metallo-activation 
(168). Cohen & Lewis (169) found that arginase activity of homogenates of 
earthworm intestine increased 10-fold after prolonged inanition. 

Of a series of guanidyl-substituted peptides only the glycylglycine deriva- 
tive was attacked by liver arginase according to Roche & Mourgue (170). 
Creatinase, creatininase, and glycocyaminase were differentiated as specific 
enzymes in Ps. eisenbergii and ovalis (171). Hydantoinases have been con- 
centrated (172). A creatinomutase was found in a soil bacillus (173). 

Waelsch et al. (174) investigated the exchange of N'* ammonia with the 
amide group of glutamine and asparagine. Anterior pituitary hormone prepa- 
rations were found by Bartlett & Gaebler (175) to increase the kidney 
glutaminase of hypophysectomized rats, but to have no effect on the en- 
zyme in vitro. 

The papain-catalyzed transamidation in the case of benzoylglycinamide 
and N!°H; was investigated (176). Bray et al. (177) studied the metabolism of 
toluamides. They presented also data suggesting that the same amidase 
attacks a variety of amides (178). The racemic amides of proline, alanine, and 
leucine were found by Greenstein et al. (179) to be readily hydrolyzed by 
mushroom preparations and hog kidney and liver concentrates, the L-form 
being hydrolyzed at a much greater rate than the D-form. They employed this 
asymmetric hydrolysis to resolve histidine, S-benzyl cysteine, and alanine 
(180). 
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The enzyme system of Stumpf & Loomis (181) from sugar pumpkin seed- 
lings accelerated the exchange of hydroxylamine with the amide group of 
glutamine; Mn**, cysteine, and phosphate or arsenate were required. 

Urease.—In an interesting comparison of acid- and urease-catalyzed 
hydrolysis of urea, Laidler & Hoare (182) obtained a heat of activation and 
entropy of activation of 24.6 kcal, and —14.0 entropy units, respectively, in 
acid hydrolysis, and 12.5 kcal. and 7.5 entropy units, in the enzymatic proc- 
ess. In the latter, the activation energy decreased significantly with increas- 
ing substrate concentration. In a postulated urea-urease-water complex, 
the urease was assumed to displace the water reversibly at high concentra- 
tions. A reversible structural change in the enzyme was thought to occur 
during complex formation. Kistiakowsky & Shaw found that the biuret used 
in their previous study (183) was impure and that it is not a substrate for 
urease (184). Inhibition of urease by ammonium ions was noncompetitive 
(185) and required consideration in the application of the rate law. An inhi- 
bition by bisulfite and phenylsulfinate ions was shown to be reversibly non- 
competitive (186). Wills & Wormall (187) studied the inhibition of urease 
by suramine as a function of pH; a maximum inhibition occurred at the iso- 
electric point. The isoelectric points of a number of enzymes were determined 
similarly. Glick & Zak (188) found that dog gastric urease displayed sensi- 
tivity to sulfhydryl-characterizing reagents. 


OTHER PROCESSES 


Nucleases.—Kunitz (189) isolated crystalline desoxyribonuclease from 
beef pancreas and described a spectrophotometric method for its analysis. 
The kinetics of the enzyme action on thymus nucleic acid was investigated 
in detail; the results indicated that the substrate is split into fragments ap- 
proaching the size of tetranucleotides and that Mg** or Mn* ions are needed 
for activity. Jungner et al. (190) applied their technique of dielectric measure- 
ment in detection of four stages in the breakdown of desoxyribosenucleic acid 
by crystalline nuclease and found that the depolymerase effect appears 
in the first stage. An interesting comparison of a viscosimetric and a precipi- 
tative method of desoxyribonuclease assay was reported by Vercauteren 
(191). The inactivation of desoxyribonuclease by the inhibitor found in 
various animal tissues was reported by Cooper et al. to be reversible (192). 
Overend & Webb proposed that the specificity of ribo- and desoxyribonu- 
cleases might be related to differences in the pyrimidine side chains of the 
substrates. Desoxyribonucleic acid was degraded into diffusible products of 
widely differing molecular size; the pyrimidine nucleotide groups seemingly 
were released preferentially, leaving a resistant, purine-rich residue (193). 
An activation of desoxyribonuclease by L-arginine, L-histidine, and L-lysine 
was reported (194). 

Anfinsen (195) isolated radioactive, crystalline ribonuclease from bovine 
pancreas slices that had been incubated with C“O:. The intracellular nu- 
cleases associated with cathepsins of thymus and spleen tissue were found 
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by Maver & Greco (196) to behave similarly to the cathepsins with respect 
to cysteine activation and p-chloromercuribenzoate inhibition. Recognizing 
possible difficultiesin analytical procedure, Carter & Cohn (197) nevertheless 
were able to show that the mononucleotides resulting from the action of 
crystalline nuclease on ribonucleic acid consisted almost exclusively of uridyl- 
ic and cytidylic acids in approximately equal amounts. Lamanna & Mallette 
(198) presented evidence that crystalline ribonuclease was inhibited by Mgt* 
ion in concentrations of the order of 0.0005 M; further, regardless of the 
presence of Mg** the rate of the enzymatic reaction was reduced markedly 
by increase in the substrate concentration. Since the inactivation of crystal- 
line ribonuclease solutions by x-rays (cf. also the protective action of gluta- 
thione) reported by Holmes et al. (199) seemingly was not attributable to 
H2Oz, it was suggested that the oxidizing entities were OH and HO; radicals. 

Transaminase.—Heyns has reviewed transamination (200). That the 
transamination reaction is of greater scope than hitherto emphasized by 
some authors was indicated by Wood & Gunsalus (201). Using improved 
methods, Cammarata & Cohen (202) found that 22 amino acids, in addition 
to alanine and aspartic and glutamic acids, were involved in transamination 
in aqueous extracts of pig heart, liver, and kidney. 

Barber et al. (203) observed that aspartic-glutamic transaminase activity 
in skeletal muscle homogenates from vitamin E-deficient guinea pigs and 
rabbits was one-half to two-thirds that found in the controls. A transaminase 
of typhus rickettsia was isolated by Bovarnick & Miller (204). There was 
described also (205) the preparation of a cell free transaminase of B. anthracis. 
According to Miiller & Leuthardt (206), the sum of the transaminase activi- 
ties of washed mitochondria and the soluble portion of rat liver cells was 
greater than that of the original homogenate. Meister & Tice (207) studied 
transamination involving glutamine and various a-keto acids; their data 
indicated that transamination occurred without antecedent hydrolysis of 
the glutamine. 

Amino acid decarboxylase——Schales & Schales prepared a stable dihy- 
droxyphenylalanine (DOPA) decarboxylase powder from rabbit and guinea 
pig kidney (208). Sloane-Stanley studied DOPA and cysteic acid decarboxy- 
lase of rat liver (209). The specificity of amino acid decarboxylases was 
reviewed (210). 

Aspartic acid decarboxylase was observed in Rhizobium trifolii, Proteus 
vulgaris, Bacterium cadaveris, Azotobacter vinelandii, and E. coli by Lichstein 
& David (211). Hasse & Schumacher (212) followed decarboxylation of L- 
glutamic acid in a preparation from winter radish; the reaction proceeded 
aerobically and anaerobically without deamination. 

Keto acid decarboxylase.—Seeley & Van Demark (213) studied purification 
of acetoacetic acid decarboxylase of Clostridium madisonit. A six-fold purifica- 
tion of isocitric dehydrogenase and oxalosuccinic carboxylase was effected 
by Grafflin & Ochoa (214). In connection with the stimulation of the non- 
enzymatic decarboxylation of oxaloacetic acid, the question was raised as 
to the possible significance of the phenomenon in vivo (215). 
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Carbonic dnhydrase.—The significance of Zn** in the carbonic anhydrase 
of vertebrates was reviewed by Vallee & Altschule (216). 

Aconitase.—Dickman & Cloutier (217) found that the aconitase activity 
of aqueous extracts of mammalian heart was enhanced by addition of 
Fe** ion and/or cysteine. 

Cystathione cleavage.—Binkley et al. purified (218) the enzyme cleaving 
cystathione and reported on the enzymatic cleavage of cysteinylglycine 
(219) and various thioethers (220). 

Acylase.—Greenstein et al. found that a separation of the isomers of 
N-chloroacetylated p,L-phenylalanine, D,L-tyrosine, and D,L-tryptophan 
could be effected through asymmetric hydrolysis with a purified carboxy- 
peptidase. The corresponding N-acetyl derivatives were resistant (221). 
A hog kidney acylase was employed to ‘‘resolve’’ the N-chloroacetylated 
derivatives of norleucine, norvaline, a-aminobutyric acid, and lysine [(222), 
cf. (223)). 

The role of ATP in the enzymatic synthesis of ornithuric acid has been 
investigated (224). 

Condensing enzyme.—The formation of citrate from acetate, ATP, and 
oxaloacetate in soluble preparations from pigeon liver was found by Ochoa 
et al. (225) to require, in addition to Mg** or Mn** and coenzyme A, at 
least two enzymes [cf. (226)]. The first, conveniently obtainable from 
certain bacteria and probably identical with transacetylase (227), ‘‘acti- 
vates”’ acetyl phosphate. The second, catalyzing the condensation (probably 
reversible) to vield citrate, now has been isolated from pig heart in crystalline 
form. 
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Department of Biochemistry, University of California, 
Berkeley, California 


GENERAL 


Rotatory power and configuration—Dextro-lactic acid has been corre- 
lated with L-glyceraldehyde by a new chemical method [Wolfrom et al. (1)]. 
Tetraacetyl-2-methyl-p-glucose diethyl thioacetal was desulfurized, de- 
acetylated, and cleaved with periodate. Oxidation produced an o-methy] 
lactic acid whose p-phenylphenacy] ester was identical with that obtained by 
esterification and methylation of L-(dextro)-lactic acid. Brewster, Hughes, 
Ingold & Rao (2) have shown that the standards for sugars (L-glyceralde- 
hyde) and amino acids (L-serine) possess the same configuration, in agree- 
ment with the direct chemical correlation of L(-) glyceraldehyde and dextro- 
alanine [Wolfrom, Lemieux & Olin (3)]. Hudson & Neuberger (4) have 
clarified the configuration of natural hydroxyproline relative to D-glyceralde- 
hyde. Fletcher & Hudson (5) have pointed out some relationships between 
molecular rotation and configuration among the hydroglycals, the 1,5- 
anhydroglycitols, and the methyl glycopyranosides. Among some 52 gly- 
copyranoside rings, Reeves (6) has concluded that they possess, in solution, 
the chair form in preference to the boat form. Béeseken (7) has reviewed the 
use of boric acid for the determination of configuration. The specific rotations 
of yeast adenylic acid [Lipkin & McElheny (8)] and of fructose [Tsuzuki, 
Yamazaki & Kagami (9)] have been examined. Isbell & Frush (10) have 
studied the effect of pH on the mutarotation and hydrolysis of glycosyl- 
amines, and it has been stated that ultrasonic waves accelerate the mutaro- 
tation of a- and B-glucose (11). Fieser (12) has proposed a system of nomen- 
clature in which the various substituents on the carbon atoms of the sugar 
molecule are designated a or 8, depending on whether they project above or 
below the plane in the Haworth formula. 

Chromatography.—The paper chromatography of purine and pyrimidine 
derivatives of yeast ribonucleic acid has been studied by Carter (13), and 
both adenosine-3-phosphate and adenosine-2-phosphate may be present. 
Binkley & Wolfrom (14) have isolated some seven sugars from Cuban black- 
strap molasses and its fermentation residue. Cramer (15) has reviewed the 
paper chromatography of sugars, and recent improvements in the proce- 
dures have been described [Boggs et al. (16), Laidlaw & Reid (17), Trevelyan 
et al. (18)]. Hough (19) has applied paper chromatographic separation, followed 
by periodate oxidation, to give a method for the quantitative analysis of 
polyhydric alcohols. Powdered cellulose has been used [Hough, Jones & 
Wadman (20)] for the separation of sugars and their methylated derivatives. 


1 This review attempts to cover the period essentially from October, 1949, to 
October, 1950, insofar as the journals were available to the authors. 
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The soluble carbohydrates of fruit plants have been examined by Bradfield 
& Flood (21). 

Occurrences and isolations.—The thiosugar of adenyl-thiomethy! pentose 
has been shown by comparison with synthetic material to be 5-methylthio- 
D-ribose [Weygand et al. (22)]. With the isolation and identification of 1-a- 
p-ribofuranosido-5,6-dimethylbenzimidazole as an acid degradation product 
of vitamin By [Brink et al. (23)], the peculiar and poorly-understood role of 
D-ribose has been once again brought into focus. The finding of L-lyxoflavine 
in human myocardium by Pallares & Garza (24) is an extremely interesting 
observation on the occurrence of this rare sugar. To demonstrate once again 
the utility of paper chromatography for the analysis of complicated mixtures 
arising from polysaccharide hydrolysis, Hough, Jones & Hirst (25) have 
isolated pure crystalline 3-methyl-p-galactose from the hydrolysis product 
of slippery elm mucilage. The detection of this sugar in a natural product is 
unique, as was the isolation of D-tagatose (26), and it is remarkable that the 
galactose derivative constitutes almost 20 per cent of the gum. Easterby & 
Jones (27) have examined linseed mucilage and have found the anomalous 
occurrence of L-galactose together with p-galacturonic acid and L-arabinose. 
Coenzyme A has been partially purified and found to contain adenosine, 
phosphorus, pantothenic acid, and perhaps cystine [DeVries et al. (28)]. 
Kent (29) has isolated D-2-desoxyribose directly from calf thymus desoxyri- 
bonucleic acid by mercaptanolysis, and uracil desoxyriboside has been iso- 
lated from an enzymatic hydrolysate of herring sperm [Dekker & Todd 
(30)]. 

Until recently, lactose has been known to occur only in the animal king- 
dom, and there only in female glands; now, the surprising observation of 
Kuhn & Léw concerning its occurrence in the male sex organs of Forsythia 
flowers has been recorded (31). Glucose, fructose, ascorbic, acid and folic 
acid have been identified, by chromatography, as constituents in pollen 
collected by bees [Weygand & Hofmann (32)]. Furocoumarin and B-p- 
glucosido-furocoumarinic acid have been isolated from the seeds of Coronilla 
species [Stoll et al. (33)]. Trehalose has been obtained from pressed bakers’ 
yeast in yields as high as 2 per cent [Stewart et al. (34)]. p-arabitol has been 
identified in acetone extracts of the moss Ramalina reticulata [Stark et al. 
(35)], and rhamnose and glucose in the leaves of Cassia alata L. [Hauptmann 
& Nazarié (36)], and dulcitol in the leaves of Euonymus japonicus and E. 
europaeus after a period of drought [Baker (37)]. A new crystalline di- 
saccharide has been isolated from the acid hydrolysis of guaran [Durso & 
Whistler (38)]. The occurrence in the vegetable kingdom of both enantio- 
morphic forms of thevetose has been discovered [Frérejacque (39)]. By use 
of ion-exchange resins, glucosamine has been identified as a constituent of 
the hydrolysis product of commercial egg albumin [Partridge (40)]. The 
bornyl ester of bornyl-p-glucuronide has been identified as a by-product in 
the preparation of bornyl-p-glucuronide [Huebner & Link (41)] and a num- 
ber of glucuronides have been isolated from rabbit urine after ingestion of 
the appropriate aglucone (42). The urine of normal individuals and in pa- 
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tients with hepatic dysfunction has been examined after ingestion of sodium 
cinnamate and some differences noted [Snapper & Saltzman (43)]. 

Radioactive sugars.—By transglycosidation and the enzyme from Pseudo- 
monas saccharophilia, sucrose, labeled in either the glucose or fructose com- 
ponent, has been prepared [Wolochow et al. (44)], and the equally important 
synthesis of 1-C'4-L-ascorbic acid has been carried out by addition of radio- 
active sodium cyanide to L-xylosone [Burns & King (45)]. The availability 
of glucose-1-C'* [Sowden; Koshland & Westheimer (46)] has enabled workers 
to study some older reactions with a new tool; among these are fermentation 
{[Aronoff et al.; Koshland & Westheimer (47)], epimerization [Bothner-By 
& Gibbs (48)], conversion to levulinic acid by strong acids [Sowden (49)], 
and chemical conversion to lactic acid [Gibbs (50)]. Uniformly labeled fruc- 
tose has been prepared by photosynthesis [Udenfriend & Gibbs (51)]. 

Glycosides.—The glycosidic component of North African arrow poisons 
has been identified as either 4- or 5-methyl-reductic acid [Hesse & Béck- 
mann (52)]. The glycosidal alkaloid tomatine from red currant and tomato 
leaves contains a tetrasaccharide consisting of two moles of glucose and one 
each of xylose and galactose (Ma & Fontaine (53)]. In sennosides A and B, 
D-glucose is coupled to the 8-hydroxyl group of the anthranol structure, 
sennoside A being the diglucoside of (+)-sennidine and sennoside-B that 
of meso-sennidine [Stoll et al. (54)], and Ferguson & Gardner (55) have pre- 
pared some hydroxyanthraquinone biosides and studied their hydrolysis. A 
new glycoside, afzelin (kaempferol-3-rhamnoside), has been isolated from 
trees of the genus Afzelia [King & Acheson (56)]; quercitrin has been isolated 
from waste peanut hulls [Douglass et al. (57)], and isoquercitrin from air-dried 
tobacco [Howard et al. (58)]. Hardegger & Robinet have prepared the 6-p- 
quinovosides of cholesterol and cholestanol (59) and the B-p-quinovoside of 
oleanolic acid (60), the last-mentioned being the first partial synthesis of a 
saponine of the triterpene type. 

The search for starting materials for the preparation of cortisone, exem- 
plified by the Swiss expedition to Africa, has led to the discovery of many 
glycosides. Among the Strophanthus genus, two new heart active glycosides 
have been isolated from S. speciosus Reber [Euw & Reichstein (61)]. The 
principal glycosides of S. eminii Asch. and Pax. are cymarol, periplocymarin, 
and emicymarin [Lardon (62)]; sarveroside, sarmentoside A, and sarmento- 
cymarin were obtained from S. sarmentosus P. DC. [Buzas et al. (63)], sarvero- 
side, sarmentocymarin, and sarmentogenin from S. courmontii Sacl. [Euw 
& Reichstein (64)], sarveroside and sarmentocymarin from S. gerrardi Stapf 
[Euw & Reichstein (65)], cymarol, periplocymarin, emicymarin, and periplo- 
genin from S. hypoleucus Stapf [Euw & Reichstein (66)] and some glycosides 
were isolated from S. hispidus P. DC. [Euw & Reichstein (67)]. Gofruside 
from Gomphocarpus fructicosus L. contains D-allomethylose, found for the 
first time in a natural product [Keller & Reichstein (68)]. Other glycosides 
have been isolated from Acokanthera venenata G. Don [Euw & Reichstein 
(69)], Adenium honghel A. DC. [Hunger & Reichestin (70)], Bowiea volubilis 
Harvey [Katz (71)], and Cryptostegia grandiflora (Roxb.) R. Br. [Aebi & 
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Reichstein (72)]. Scilliroside from Scilla maritima has been enzymatically 
broken down into glucose and the aglucone scillirosidine, a substance having 
a very strong action on the heart [Stoll & Renz (73)]. Reyle et al. (74) have 
carried out a partial synthesis of convallatoxin from acetobromo-L-rhamnose 
and strophanthidine, and Shah et al. (75) have reviewed the glycosides of 
Cheiranthus cheiri L. 

Phosphate esters ——Propandiol phosphate has been synthesized from 
propylene oxide and dipotassium hydrogen phosphate, and glucose-6- 
phosphate by an analogous procedure [Lampson & Lardy (76)]. Posternak 
(77) has synthesized a-p-glucose-l-phosphate and a-p-galactose-l-phosphate, 
and glucose-2-phosphate [Farrer (78)] and glucose-4-phosphate [Reithel & 
Claycomb (79)] have been prepared. Glucose-1,6-diphosphate is formed when 
glucose-1-phosphate is incubated with E£. coli [Leloir et al. (80)], and the 
diphosphate has been synthesized in two laboratories [Leloir et al.; Posternak 
(81)]. The important coenzyme necessary for the transformation of galactose- 
1-phosphate to glucose-1-phosphate has been isolated by the Buenos Aires 
group from bakers’ yeast, and partially purified. It contains uridine, glucose 
and two phosphates and has been named uridine-diphosphate-glucose, and a 
tentative formula, of uridine-5-phosphate—glucose-1-phosphate, joined in a 
pyrophosphate linkage, has been suggested [Caputto, Leloir, Cardini & 
Paladini (82)]. The findings of Dickens (83) with regard to the formation of 
pentose phosphate from 6-phosphogluconate have been confirmed [Cohen & 
Scott (84); Horecker & Smyrniotis (85)] and the formation of ribose-5- 
phosphate and glyceraldehyde-3-phosphate (84) is established. Friedkin 
(86) has isolated a desoxyribose-phosphate as the crystalline cyclohexylamine 
salt; on the basis of its analyses, properties and origin (from phosphorolysis 
of guanine desoxyriboside), it has been designated as the 1-phosphate. Tot- 
ton & Lardy (87) have synthesized p-tagatose-6-phosphate. 

Cyclitols—An important step in the clarification of the streptomycin 
problem has been made with the synthesis of streptidine [Wolfrom, Olin & 
Polglase (88)]. Streptamine acetate, with an x-ray diffraction pattern iden- 
tical with the natural material, was synthesized from glucosamine by use of 
the nitromethane condensation and cyclization of Grosheintz & Fischer 
(89); the free diamine was converted to streptidine with methylisothiourea, 
and the streptidine so obtained gave derivatives identical, as regards x-ray 
diffraction pattern, with the corresponding derivatives of the natural product. 
It is concluded that streptamine possesses an all-trans structure, and is there- 
fore a 1,3-diamino-1,3-didesoxyscyllitol. A bis-(a-hydroxystreptomycy])- 
amine, a toxic derivative of streptomycin, has been isolated from strepto- 
mycin residues‘obtained after processing and purification, and has been 
synthesized from streptomycin trihydrochloride and ammonia [Solomons & 
Regna (90)]. Winsten e¢ al. (91) have prepared streptomycylamine and sev- 
eral N’-substituted streptomycylamines which possess antibacterial activity. 
A streptomycin has been isolated from a new species of Streptomyces, desig- 
nated S. griseocarneus n. sp. by Benedict et al. (92), and a tentative formula 
for this new “‘hydroxy-streptomycin”’ has been suggested. Wolfrom et al. (93) 
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have suggested that, in view of more recent experimental evidence, the con- 
figuration of the streptose glycosidic carbon in streptomycin is in all prob- 
ability B-L. 

The results of Wieland & Wishart (94), on the synthesis of meso-inositol 
by catalytic hydrogenation of hexahydroxybenzene, have been confirmed 
{Kuhn et al. (95)], contrary to the findings of other workers (96). Anderson 
& Lardy (97) have prepared from scyllo-meso-inosose, two inosamines, and 
tentatively, the one identical with inosamine-SA [Carter et al. (98)] has been 
termed meso-inosamine-2, while the other has been called scyllo-inosamine 
and is identical with inosamine-SB. In agreement with this, Posternak (99) 
has shown that inosamine-SA (I) has the configuration of an amino-desoxy- 
meso-inositol, while inosamine-SB (V) has the amino-desoxy-scyllitol con- 
figuration. Inosamine-SA (I), on treatment with nitrous acid, yields some 
scyllitol (II) with accompanying Walden inversion; a tetrahydroxycyclo- 
hexanone (ITT) is also formed, which on reduction, yields d,/-viburnitol (IV). 


PPADS OS 
22S 


Inosamine-SB (V) was shown (96) to be identical with amino-desoxy-inositol 
(IIT) prepared from p-glucose by Grosheintz & Fischer (89) and upon des- 
amination with nitrous acid, meso-inositol (VI) was obtained in small yield. 
Thus the attractive theory that meso-inositol could be prepared from p- 
glucose has finally been accomplished by chemical means. The preparation 
of amino-iso-mytilitol and its desamination to hydroxy-mytilitol is also de- 
scribed. Posternak & Schopfer (100) have shown that viburnitol, which oc- 
curs in the plant together with meso-inositol, has the configuration (VII) 
and that the viburnitol of Viburnum tinus L. is identical with the /-quercitol 
of Gymnema sylvestre Br. Both d- and ]-viburnitol can be oxidized by A. 
suboxydans to two enantiomorphic tetrahydroxycyclohexanones, and d- 
inositol can be oxidized by A. suboxydans to d-inosose which, upon catalytic 
hydrogenation in strongly acid solution, yields d-viburnitol. 

Contardi & Ciocca (101) treated quebrachitol with acetic anhydride and 
hydrogen chloride in a sealed tube, and obtained 10 per cent of d,/-inositol. 
Riggs (102) has isolated sequoyitol from the Australian plant Macrozamia 
riedlei, and from a consideration of the periodate titration, formula VIII is 
favored. It is, however, quite posible that periodate studies do not give in- 
formation which can be used as a sound basis for structural studies; for ex- 
ample, tetraacetyl meso-inositol, a compound having a cis-1,2-glycol group, 
is not attacked by periodate in acetic acid in the cold [Dangschat (103)]. 
Dangschat & Fischer (104) have reported the chemical transformation of 
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quinic acid into shikimic acid. With regard to the insecticide ‘‘gammexane,”’ 
speculations regarding its inhibition of meso-inositol metabolism because of 
their configurational identity have been invalidated, because the compound 
has been shown to have the same configuration as muco-inositol [Vloten 
et al. (105)]. 

Photosynthesis —The outstanding advance in this field has been the iso- 
lation and identification of phosphoglyceric acid as the first observed product 
of carbon dioxide assimilation by Scenedesmus [Benson et al. (106)], and the 
result has been confirmed by Fager, Rosenberg & Gaffron (107). The two 
isomeric phosphoglycerates have been observed with subsequent formation 
of phosphopyruvate, and the two triose phosphates. Hexose phosphates have 
been identified, but no free glucose or fructose is formed prior to the appear- 
ance of sucrose. The radioactivity distribution in the sucrose and glyceric acid 
has been determined as a function of time, and suggests the reversal of the 
operations of glycolysis (106). Benson & Calvin have also reported (108) 
that the products formed in dark fixation, following pre-illumination in the 
absence of carbon dioxide, correspond very closely with those formed in di- 
rect photosynthesis and not at all with those formed in dark fixation follow- 
ing dark saturation with carbon dioxide. Reviews on photosynthesis have 
been made by Calvin and co-workers (109). Aronoff & Vernon (110) have 
reported on the sequence of formation of soluble carbohydrates during photo- 
synthesis in soy bean leaves (var. Hawkeye). 

Miscellaneous.—A new occurrence of kojic acid (from Aspergillus lutes- 
cens) has been reported by Marston (111) and Woods (112) has described 
the hydroxymethylation of kojic acid. The condensation of reductone with 
some amino aromatic acids has been reported [Euler & Hasselquist (113)] 
and also the condensation of Vitamin C [Sah ef al. (114)] and sugar acids 
{Mehltretter (115)] with sulfa drugs. Experiments with N™-enriched am- 
monia [Hockett et al. (116)] tend to support an intramolecular mechanism 
for the formation of aldose acetamides, in the Wohl degradation, such as that 
proposed by Isbell & Frush (117). Iron III forms a complex preferentially 
with the B-form of glucose [Delaney et al. (118)]. Mazzeno (119) had de- 
scribed an addition compound of tetrabenzoyl-a-p-glucopyranosyl bromide 
and carbon tetrachloride. Shorygina & Semechkina (120) have shown that 
alkyl glucosides are not cleaved by sodium in liquid ammonia, and Bardolph 
& Coleman (121) have studied the mechanism of the formation of levogluco- 
san. The heat capacity and heat of solution of sucrose have been studied 
[Stegeman & co-workers (122)] and Wiggins (123) has exhaustively discussed 
the uses of sucrose. Rabinovitch & Alexander (124) have studied the kinetics 
of alkaline hydrolysis of sugar esters; Ikawa & Link (125) have decarboxy- 
lated methyl diacetyl-L-threuronate, methyl glyoxal being formed. Bio- 
chemical reductions at the expense of sugars have been reviewed by Neuberg 
(126). Mosbach & King (127) have studied the biosynthesis of glucuronic 
acid, using evenly-labeled glucose. They conclude that the glucose is used in 
its entirety, or else the sequence of steps does not permit a dilution effect 
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during fragmentation. Sodium bismuthate in acid medium effects oxidations 
similar to those brought about by periodate and lead tetraacetate; no carbo- 
hydrates have been experimented upon, but it may prove applicable to 
them [Rigby (128)]. Periodate oxidation of glucose phenylosazone has been 
carried out [Huebner & Link (129)]. Mandl (130) has studied transosazon- 
ation, and Weygand & Reckhaus (131) have reaffirmed the theory of osazone 
formation via an Amadori rearrangement [Weygand (132)], and have found 
that the formation of osazones from aldopentoses and aldohexoses is con- 
siderably accelerated by the addition of aniline, while ketoses do not show 
this behavior. 

The reaction between amino acids and simple sugars (133, 134), and be- 
tween casein and simple sugars [Lea & co-workers (135)], has been further 
studied. Mohammad ef al. (136) have reported on the browning reaction, 
and Lowry & Thiessen (137) have studied the nutritive impairment of pro- 
teins heated with glucose. 

Analytical methods——Abraham (138) has reported a method for the 
measurement of the radioactivity of each carbon atom in certain sugars 
containing C'*. Barker (139) has improved the determination of carbohydrate 
in pentose nucleic acid, and Dische (140) has developed a spectrophoto- 
metric method for determining free pentose and pentose in nucleotides. A 
micromethod for the determination of hexosamines has been developed 
[Dische & Borenfreund (141)], and color tests for fructose [Maurmeyer et al. 
(142)] and ketohexoses [Tauber (143)] have been reported. The Feulgen re- 
action for desoxy sugars [Overend (144)], the anthrone test [Sattler & Zerban 
(145)], and the sulfonated a-naphthol test [Devor (146)] have been reinvesti- 
gated, and Dische (147) has modified the carbazole reaction to enable dif- 
ferentiation to be made between galacturonic and glucuronic acids. The 
Elson-Morgan method for hexosamines has been studied [Horowitz et al. 
(148); Immers & Vasseur (149)], and Heidt & co-workers (150) have studied 
cupritartrate reagents of low pH for estimating sugars. A semi-micro de- 
termination of lactose [Malpress & Morrison (151)], a sub-micro determina- 
tion of glucose [Park & Johnson (152)], and a determination of blood-glucose 
[Mendel & Hoogland (152a)] have been described. Whistler & Durso (153) 
have described a resolution of mono-, di- and trisaccharides on charcoal. 
Small amounts of amino sugars can be separated and identified using a Kie- 
selguhr column [Annison et al. (154)] and Bell & Palmer (155) have described 
the quantitative analyses of mixed methylated fructoses with a silica gel 
column, while Hough e¢ al. (156) have improved the methods for the separa- 
tion and detection of free and methylated sugars on paper chromatograms. 
Raffinose can be estimated on paper chromatograms [de Whalley (157)]. 
Hanes & Isherwood have published an important and comprehensive paper 
on the quantitative determination of phosphoric esters using filter paper 
(158), and Plaut et al. (159) have described systems for the separation of 
phosphoric esters by solvent distribution. Cohn (160) has made a thorough 
study of the separation of ribonucleotides on strong anion exchangers, and 








50 FISCHER AND MacDONALD 


Brooks & Badger, using starch, have fractionated nitrocellulose with respect 
to molecular weight (161). 


SYNTHESIS OF SUGARS AND THEIR DERIVATIVES 


Prolongation and degradation.—The nitromethane condensation [Sowden 
& Fisher (162)] has been extended to give a practical synthesis of D-erythro- 
2-desoxy-pentose (desoxyribose) [Sowden (163)] and in a new modification 
using 2-nitro-ethanol in place of nitromethane, a new ketose synthesis has 
been developed [Sowden (164)]. p-manno-L-fructo-octose has been prepared 
{Wolfrom & Cooper (165)] by using the diazomethane procedure [Wolfrom 
et al. (166)]. Weygand & Léwenfeld (167) have described a new degradation 
in which the oxime of an aldose is brought into reaction with 2,4-dinitro- 
fluorobenzene, yielding 2,4-dinitrophenol, hydrogen cyanide, and the next 
lower aldose. MacDonald & Fischer (168) have oxidized acetylated sugar 
mercaptals and the resulting disulfones are readily degraded by hydrazine 
to methylene disulfone and the next lower aldose. Fletcher et al. (169) have 
used ion-exchange resins to improve the yield in the Ruff degradation, and 
Mehltretter et al. (170) have described the preparation of calcium-pD-arabo- 
nate by electrolytic reduction of calcium-2-keto-gluconate. Deulofeu & 
Giménez (171) have modified the Wohl degradation by the use of propionyl- 
ated nitriles, and this degradation method has been reviewed by Deulofeu 
(172) and by Hockett (173). 

Anhydro sugars and related compounds.—From the action of acid on 
p-gluco-D-ido-heptose, D-gluco-p-ido-heptosan < 1,5>8<1,6> has been pre- 
pared [Pratt et al. (174)], and a new method for the preparation of 1,5- 
anhydro-glycitols has been developed by Ness, Fletcher & Hudson (175), 
in which the acetobromo sugars are reduced with lithium aluminum hydride. 
Polygalitol, styracitol, and the new 1,5-anhydro-L-rhamnitol have been pre- 
pared using this novel method. A bimolecular compound, most probably 
1,5’:5,1’-diribofuranose anhydride has been prepared by Barker & Lock 
(176). Acetonation of the equilibrium mixture of p-altrose and 1,6-anhydro- 
B-p-altrose produced two derivatives of the sugar and one of the anhydro 
sugar [Newth & Wiggins (177)], and a benzilidine derivative of 1,4-sorbitan, 
as well as new synthesis of 1,4-sorbitan using the reductive desulfurization 
procedure, have been described [Huebner & Link (178)]. Wiggins et al. (179) 
have reported the preparation of iodo sugars and desoxy sugars from anhydro 
sugars by the action of methyl magnesium iodide and lithium aluminum 
hydride respectively. The unusual stability of the tosyl group in 2,3,4-tri- 
benzoyl1-6-tosyl-1,5-anhydro-p-galactitol has been reported [Fletcher & 
Hudson (180)]; alkaline treatment produced p-neogalactide (1,5:3,6-dian- 
hydro-p-galactitol). The 3,6:3’,6’-dianhydro derivatives of 8-methylcello- 
bioside and B-methylmaltoside have been prepared by alkaline treatment of 
the corresponding acetylated 6,6’-dimesylates [Newth ef al. (181)], and 
Bladon & Owen (182) reported an acetonated anhydro-p-talitol. Bashford 
& Wiggins (183) described the desamination of amino derivatives of certain 
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sugars, sugar alcohols, and anhydro-sugar alcohols. Mesyl derivatives of 
p-galactose have been prepared, and their replacement by iodine atoms has 
been studied [Foster et al. (184)]. In a series of papers, Owen & co-workers 
(185) have described a new preparation of thiols, by reaction of tosylates or 
mesylates with potassium thiolacetate, and the reaction has been used to 
prepare non-vicinal dithiols; vicinal thiols can be prepared by the addition 
of bromine to unsaturated sugars followed by treatment of the dibromides 
with potassium thiolacetate. Hockett & Zief (186) have prepared several 
sulfonic acid esters of sucrose. 

Sulfates—Wolfrom & Montgomery (187) have devised a procedure em- 
ploying absolute sulfuric acid solutions of sugars for the simultaneous desul- 
fation and acetylation of carbohydrates. No Walden inversion takes place, 
but some glycosidic hydrolysis accompanies the reaction. Percival (188) 
has reviewed carbohydrate sulfates. 

Desoxy sugars.—Hauenstein & Reichstein (189) have synthesized p- 
xylo-2-desoxymethylpentose-3-methyl ether and shown it to be identical 
with D-sarmentose. Derivatives of 2-desoxy-L-ribose [Deriaz et al. (190)], 
2-desoxy-D-glucose [Overend & co-workers (191)], 2-desoxy-p-galactose 
[Overend et al. (192)] and 2,3-didesoxy-p-glucose [Laland et al. (193)] have 
been described. Butler et al. (194) have prepared some O- and N-glycosides 
of desoxy sugars, and Overend & Stacey (195) have reviewed syntheses in 
the desoxy-sugar field. Reductive desulfurization with Raney nickel has 
been reviewed by Fletcher (196) and has been used to show that a-fucohexose 
is 7-desoxy-L-gala-p-manno-heptose [Zissis et al. (197)] and also to show the 
equivalence of carbon atoms one and six in D-mannitol [Richtmyer & Hudson 
(198)]. A new method for the conversion of —CH:OH to —CHsz has been 
described [Hann et al. (199)]; the alcohol is tosylated and treated with sodium 
thiocyanate, and the resulting thiocyano group is reductively desulfurized 
using Raney nickel. Bollenback & Underkofler have studied the action of 
Acetobacter suboxydans on w-desoxy sugar alcohols (200), and Richtmyer, 
Stewart & Hudson (201), using the results of their own studies and those 
of Bollenback & Underkofler, have been able to extend the Bertrand rule 
as modified by Hann, Tilden & Hudson (202) to include w-desoxy sugar 
alcohols. Results so far indicate that only the structures shown below 


OH OH H oH OH OH 
vee 2 a hee vee oo —6 Oe 
H H OH H H H 


are susceptible to oxidation by A. suboxydans. In other words, the old 
rule still holds if the methyl group is considered as just a hydrogen atom. 
Mercaptals and acetals—Zinner (203) has reported that the di-n-propy] 
and diisobutyl mercaptals are especially suitable for p-ribose identification, 
and has used the acetylated diethyl mercaptal to prepare tetraacetyl-al-p- 
ribose. Hardegger et al. (204) have described a modified mercaptalation pro- 
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cedure involving the shaking of the sugar with a dioxane solution of mer- 
captan and hydrogen chloride. The dibenzyl mercaptal of lactose has also 
been prepared [Stanék & Sada (205)]. Hockett et al. (206) have prepared 
mono- and di-cyclohexylidene-pD-fructose, Bourne et al. (207) have reported 
mono-, di- and tri-cyclohexylidene-p-mannitol, and Huebner et al. (208) 
have described benzilidene derivatives of L-arabinose diethyl mercaptal 
and converted them to the corresponding methyl] acetals. Acetone deriva- 
tives of xylitol (1,2:3,5 and 3,5) were reported by Valentin & Tomkuljak 
(209), and Pressman e¢ al. (210) prepared 1,2:5,6-di-acetone-D-glucitol and 
from it D,L-glyceraldehyde. Wolfrom e¢ al. (211) have shown that B-mono- 
acetone-D-fructose is 2,3-isopropylidene-D-fructopyranose, while $-diace- 
tone-D-fructose is 2,3:4,5-di-isopropylidene-D-fructopyranose. Nitric acid 
oxidation of 2,3:4,5-dimethylene-p-gluconic acid has been described [Colén 
et al. (212)], and the monochloralglucoses have been oxidized by nitrogen 
tetroxide to the corresponding uronic acid derivatives [Drefahl & Matschke 
(213)]. 

Disaccharides—Freudenberg & Knauber (214) have shown that sopho- 
rose, from Sophora japonica is identical with synthetic 2-6-glucosidoglucose. 
The disaccharide of glycyrrhinic acid has been shown to consist of two gluco- 
pyruronic acid residues joined by a §-1’,2-link [Lythgoe & Trippett (215)]. 
Gakhokidze (216) has published a series of papers on the determination of 
the linkage in reducing disaccharides, based on degradation at the reducing 
end. The findings of Pigman (217), concerning the conversion of maltose 
into some unfermentable carbohydrate, by mold enzymes, have been con- 
firmed by Pan et al. (218) and they suggest that the compound might consist 
partly or entirely of isomaltose. 

Nucleosides —8-tetraacetyl-b-ribofuranose has been prepared [Zinner 
(219)] and tetraacetyl-p-xylofuranose synthesized and used for the prepara- 
tion of B-p-xylofuranosides of theophylline and adenine [Chang & Lythgoe 
(220)]. The classical work of Todd and co-workers has been extensively con- 
tinued. Acetylated 1-halogeno-2-desoxypyranoses can be prepared by addi- 
tion of halogen acids to the corresponding glycal; diacetyl-p-arabinal adds 
chlorine and the product can be condensed with theophylline silver to give, 
after reduction of the 2’-chloro group, 2’-desoxy-p-ribopyranosidotheophyl- 
line [Davoll & Lythgoe (221)]. The behavior towards periodate of the 2’- 
desoxyribosides of guanine, hypoxanthine, cytosine, and thymine affords 
proof of their furanose structures [Brown & Lythgoe (222)]. Andrews et al. 
(223) have synthesized 9-p-glucopyranosidoisoguanine, and Michelson & 
Todd (224) have been concerned with the synthesis of the 2’- ,3’-, and 5’- 
phosphates of adenosine, guanosine, cytidine, and uridine, but find that a 
synthesis which should have led to the 2’-phosphates gave principally the 
5’-phosphates. Attempts to prepare an adenosinetriphosphate (ATP) having 
a branched polyphosphate group proved unsuccessful (Michelson & Todd 
(225)]. The straight polyphosphate, identical with ATP was obtained. 
Haynes & Todd have prepared an N-p-ribofuranosidyl-1,2 (or 6)-dihydro- 
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nicotinamide, probably identical or anomeric with the dihydronicotinamide 
nucleoside prepared from natural cozymase (226). The study of triphospho- 
pyridine nucleotide by Kornberg & Pricer (227) with the aid of enzymes 
and by chromatography has led them to believe that the molecule is a di- 
nucleotide of N-(p-ribofuranosido-5’-phosphate)-nicotinamide and adeno- 
sine-2’,5’diphosphate, the two 5’-phosphates being joined in pyrophosphate 
linkage. 

Glycosides—A method for the preparation of acetobromosugars, using 
perchloric acid, phosphorus, bromine, and acetic anhydride has been re- 
ported (228). Helferich & Wedemeyer (229) have improved the preparation 
of glycosides from acetobromosugars by the use of aryl mercury salts. Hud- 
son & co-workers (230) have continued studies on benzoylated halogeno- 
sugars, and a generalization has been reached: investigations thus far have 
shown that, in the absence of an acid acceptor, all the benzoylated glyco- 
pyranosy] halides which have the benzoyloxy group at carbon 2 trans to the 
halogen, react with methanol without net Walden inversion; a cis relation- 
ship between carbons 1 and 2 produces inversion. Howard has called atten- 
tion to the replacement of halogen in acetohalogenosugars with retention of 
configuration and the mechanism suggested for the reaction involves a 
double inversion with a cyclic intermediate (231). Koehler & Hudson (232) 
have studied the action of alkali and alcoholates on tribromophenyl glyco. 
sides of glucose and xylose, while Seidman & Link (233) have prepared O- 
nitrophenylgalactosides; amino- and guanidino-phenyl-glucosides and 
-glucosaminides have been prepared by Mosettig & co-workers (234). 
Honeyman & Tatchell (235) have prepared some arylamine-N-glycosides, 
and indicate that a pyranose ring is probable; likewise, studies on galactose 
anilides by Smith & co-workers (236) indicated that a pyranose ring was the 
likely structure. Bonner & Robinson (237) have prepared seleno-glucosides 
and studied some of their reactions Hurd & Holysz (238) have studied the 
action of various organometallic reagents on polyacetylglycosyl halides. 

Hudson (239) has reviewed the chemistry of apiose and the glycosides of 
parsley. Nitrogen tetroxide oxidation has been used to prepare glucuronic 
acid derivatives [Hardegger & Spitz (240)], and enol-glucosides have been 
prepared and studied [Ballou & Link (241)]. A glucoside oxalate [Roseman 
& Link (242)], and a carbanilate [Hearon & Barnes (243)] have been de- 
scribed, and Bonner (244) has proposed a mechanism for the anomerization 
of acetylated aldoses. 

Miscellaneous.—Brown et al. (245) have prepared 2,3-dimethyl-L-rham- 
nose which together with the corresponding 3,4-dimethyl compound shows 
anomalous periodate oxidation. Another synthesis of 2,3-dimethyl-L-rham- 
nose and a preparation of 3,4-dimethyl-L-fucose have been published by 
Percival & Percival (246). Bell & Greville (247) have reported methods for 
characterizing 3,4-dimethyl-p-glucose, and Smith (248) has reviewed the 
application of methylation techniques. 

Lohmar has reviewed the hexitols (249); the preparation of xylitol by 
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catalytic hydrogenation has been studied [Tomkuljak (250)], and xylitol 
has been obtained crystalline for the first time [Ashida (251)]; a hexalauroate 
of mannitol has been described [Nicoud (252)]. Isbell & Frush (253) have 
described the preparation of 1-aminomannuronamide. Doherty et al. (254) 
have been studying the preparation of ‘‘glyco-peptides,”” amino acid deriva- 
tives of glucosamine. 

Richtmyer (255) has reviewed the preparation of ketoses by biochemical 
oxidation, and Wolfrom (256) the methods of ketose synthesis. Hudson 
(257) has given us an historical account of difficult crystallizations in the 
sugar field. Sucrose structure has been reviewed [Levi (258)], and its oxida- 
tion by periodate and the preparation of unsaturated esters have been de- 
scribed by Hockett & Zief (259). Derivatives of glucopyranosylbenzene have 
been studied [Bonner & Craig (260)], and a method of preparation of aldo- 
nohydroxamic acids given [Mathis (261)]. Huebner (262) has substantiated 
the 1,4:3,6-ring structure in D-mannurone, .and periodate oxidation led to 
the formation of D-araburonic acid. Pacsu & Mora (263) have studied the 
polycondensation of simple sugars in the presence of acid, and a synthesis 
of reductic acid has been given by Hesse & Biicking (264). 


POLYSACCHARIDES 


Starch and glycogen.—Apple starch has been separated into amylose 
(approximately 25 per cent of the total) and amylopectin. By osmotic pres- 
sure measurements, 560 and 4,200 glucose residues were calculated for the 
acetylated amylose and acetylated amylopectin, respectively [Potter e¢ al. 
(265)]. Lohmar & Rist have reported (266) that pre-treatment with boiling 
pyridine permits easier acetylation of starch. The starch-type polysaccha- 
ride synthesized from sucrose by Neisseria perflava has been shown to have 
properties intermediate between those of amylopectin and glycogen [Barker 
et al. (267)], and the polysaccharide synthesized from ethanol and acetic 
acid by Polytomella coeca contains about 15 per cent amylose and 85 per cent 
amylopectin [Bourne et al. (268)]. Synge & Tiselius (269) have described a 
method of fractionation of the hydrolysis products of amylose by electro- 
kinetic ultrafiltration. Amylose complexing has been studied by Dvonch 
et al. (270) and Katzbeck & Kerr (271). Bourne & Whelan (272) have con- 
cluded that the problem of the mechanism of the B-amylolysis of amylose 
has not been resolved beyond doubt. Hopkins & Jha (273) have reported 
that B-amylase splits maltose from the amylopectin of potato starch about 
20 times as rapidly as from the amylose. 

Dvonch & Whistler (274) have studied two similar water-soluble polysac- 
charides from sweet corn and suggest that they be considered amylopectins. 
The evidence for a 1,6-linkage in amylopectin has been well substantiated 
by the isolation of 8-D-isomaltose as the crystalline octaacetate from an acid 
hydrolyzate of amylopectin [Wolfrom e¢ al. (275)], a result previously ob- 
tained from rabbit liver glycogen [Wolfrom & O’Neill (276)], and Gibbons 
& Boissonnas reported that in their opinion, the branching takes place ex- 
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clusively in position six (277). Meyer & Gibbons (278) have reported the 
purification of potato amylopectin by electrodialysis and the adsorption of 
contaminating amylose on stearic acid. Kent & Stacey (279) have studied a 
degraded glycogen of M. tuberculosis (human strain) and shown it to possess 
the usual chain units of 10 to 12 glucose residues. Seifter et al. (280) have out- 
lined conditions for glycogen determination. 

Cellulose.—Reeves et al. (281) have continued their investigation of the 
methanolysis of cellulose. Their results are incompatible with the concept 
of a few acid-sensitive linkages. Percival (282) has studied cellulose from 
various species of marine algae and found it to be essentially the same as 
cotton cellulose. The rate of esterification of cellulose with tosyl chloride has 
been studied [Heuser et al. (283)], and the primary hydroxyls in hydrolyzed 
cellulose acetate have been determined by tritylation [Malm et al. (284)]. 
Celluronic acid has been prepared by oxidation of cellulose with nitrogen 
tetroxide [Kenyon & Fowler (285)]. 

A study of the effect of metal ions on the viscosity and osmotic pressure 
of ethyl cellulose has been made [Evans & Spurlin (286)], and Cohen & Haas 
(287) have studied the combined ethylene oxide and the residual glycol con- 
tent of hydroxyethylcellulose. Malm e¢ al. (288) have prepared pyridinium 
salts of cellulose acetate-chloroacetate. 

Homopolysaccharides—By methylation of a cell wall polysaccharide of 
bakers’ yeast, the so-called yeast glucan, Beli & Northcote (289) have iso- 
lated crystalline 2,3,4,6-tetramethyl-p-glucose (1 part), 2,4,6-trimethyl-p- 
glucose (7 parts), and 4,6-dimethyl-p-glucose (1 part); the highly branched 
polysaccharide has an average unit chain of nine glucose units. Putman 
et al. (290) have studied the polysaccharide synthesized by the crown-gall 
organism Phytomonas tumefaciens; the D-glucopyranose units are united 
chiefly through 1,2-glucosidic linkages. An unidentified polysaccharide is 
synthesized from glucose-1-phosphate by a Clostridium from the caecum of 
the pig [Nasr & Baker (291)]. Periodate titration of dextrans from different 
strains of Leuconostoc mesenteroides has shown that the ratio of 1,4- to 1,6- 
glycosidically linked anhydropyranose units may vary from 1:3 to 1:24 
depending on the strain [Jeanes & Wilham (292)]. Norberg & French (293) 
have shown by electrophoretic procedures, that Macerans amylase is capable 
of effecting redistribution reactions among linear amylodéligosaccharides 
concurrently with reactions involving the cyclic Schardinger dextrins. Freu- 
denberg & Cramer (294) have reported that the Schardinger dextrins are 
cyclic glucans, there being six, seven, and eight ring members in the a, 6, 
and y compounds, respectively. Dedonder (295) has found that the acid 
hydrolysis of inulin gives rise to various intermediates which are detectable 
by chromatography. The xylan from Esparto grass has been studied by 
chromatography of the products of hydrolysis of the methylated material; 
it is concluded that the xylan is a singly branched molecule consisting of 
about 75 p-xylopyranose units, the single branch being formed by a 1,3 
union [Chanda et al. (296)]. Pippen et al. (297) have described a series of 
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pectin acetates and reported that the ability to form high-solids gels is seri- 
ously impaired when 2.6 per cent or more acetyl is present, and Palmer & 
Ballantyne have made an x-ray diffraction study of some pectin esters (298). 

ITeteropolysaccharides——The methylation and methanolysis of guaran 
has led to the identification of 2,3,4,6-tetramethyl-p-galactose, 2,3,6-tri- 
methyl-p-mannose, and 2,3-dimethyl-p-mannose in nearly equal parts; 
the highly branched molecule thus has all chains terminated by a D-galactose 
residue [Ahmed & Whistler (299); Rafique & Smith (300)]. Johnston & 
Percival (301) have confirmed by methylation and hydrolysis, that in car- 
ragheenin, the principal linkage of the p-galactose units is 1,3, with the sul- 
fate on C4; an acid resistant fragment gave 2,3,4,6-tetramethyl-L-galactose 
and 2,4,6-trimethyl-L-galactose on methylation and hydrolysis. Hirst et al. 
(302) have presented evidence that D-glucose is a constituent of the inulin 
from Dahlia tubers. 

Serro & Whistler (303) have obtained a D-glucuronosyl-p-xylose by acid 
hydrolysis of hemicellulose-B from corn cobs. The gums of grapefruit and 
lemon contain L-arabinose, D-galactose, and D-glucuronic acid; the aldo- 
biuronic acid obtained on hydrolysis is 4-p-glucuronosyl-p-galactose [Con- 
nell et al. (304)]. From Sterculia setigera gum, in which the rare sugar D-taga- 
tose occurs (26), methylated derivatives of p-galactose, L-rhamnose, and 
p-galacturonic acid have been obtained [Jones & co-workers (305)]. Peach 
gum has been shown by Jones (306) to contain D-galactose, L-arabinose, 
p-xylose, rhamnose and p-glucuronic acid; 6-D-glucuronosyl-D-galactose has 
been identified as a product of graded hydrolysis. Methylated degraded 
cherry gum yields on hydrolysis eight identified methylated derivatives of 
p-xylose, D-galactose, and D-glucuronic acid [Jones (307)]. 

Easterby & Jones (308) have investigated linseed mucilage and shown 
L-rhamnose, D-xylose, L-arabinose, and L-galactose to be constituents; pre- 
viously Anderson & Crowder (309) had identified p-galacturonic acid, and 
thus there is present in the mucilage the unusual combination of D-galactu- 
ronic acid, L-galactose, and L-arabinose. The polysaccharide from seeds of 
Plantago ovata Forsk has been studied [Laidlaw & Percival (310)], as well as 
the soluble polysaccharides from soil organic matter [Forsyth (311)]. Studies 
have been made on the mucilage of Delsea edulis [Dillon & McKenna (312)], 
Rhodophyceae [Mori & co-workers (313)], and the specific polysaccharide of 
Azotobacter chroécoccum [Lawson & Stacey (314)]. Jones & Smith (315) have 
reviewed the plant gums and mucilages. 

Studies have been made on the hyaluronic acid in synovial fluid [Ogston 
& Stanier (316)], human umbilical cord [Kaye & Stacey (317)], and cock’s 
comb [Boas (318)], and Jeanloz & Forchielli (319) have confirmed by perio- 
date titration, the B-1,4-linkages in chitin and chitosan. Meyer & Schwartz 
(320) and Jorpes et al. (321) have concluded that in pure heparin, the only 
acidic groups are uronic acid and sulfate, that the carboxyls are free, and 
that 30 per cent of the amino groups are sulfated; any acetyl stems from 
contamination with an inactive polysaccharide containing acetylated hexos- 
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amine residues. Pincus (322) has isolated a sulfated polysaccharide con- 
taining hexosamine and hexuronic acid from human dentine. Chondroitin 
sulfuric acid has been studied [Einbinder & Schubert (323); Masamune 
(324)]; Wolfrom & Madison have reported that chondrosin is 4(N-acetyl-2- 
amino-2-desoxy-D-galactopyranosy!)-p-glucuronic acid (325). Fucoidin from 
Fucus vesiculosus has been studied by Percival & co-workers (326) and a 
branched structure in which a-1,2-links predominate was suggested. Frog 
spawn mucin has been examined by Folkes et al. (327). A polyglucosan has 
been isolated from several strains of human and bovine type tubercule 
bacilli [Seibert e¢ al. (328)], and blood-group-A substance has been studied 
by Aminoff et al. (329) and Holzman & Niemann (330). Bray & Stacey have 
reviewed blood-group polysaccharides (331). 
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THE POLYURONIDES! 


By C. L. HInton 
British Food Manufacturing Industries Research Association, Surrey, England 


THE POLYURONIDES AS A GROUP 


It is becoming increasingly important to recognise that the polyuronides 
are not, in the form in which they are often studied, directly occurring natural 
substances, but fragmented portions of the plant or animal organism. From 
the standpoint of biochemical advance, the emphasis of the recent period 
has lain not so much in the elucidation of their structure in the isolated 
state as in discovering how they are built into the fabric of the organism and 
in accounting for their functional behaviour. In this review, attention will 
be mainly confined to the polyuronides of plant origin. 

The approach mentioned necessitates the broadening of classification 
and a loss of definition within the group. Evidence is growing that association 
or attachment of the polyuronides in structural formations is due at least 
partly to bridging from carboxyl groups. From this functional point of view 
there is a rather complete gradation in carboxyl content. Table I summarises 
established knowledge on the subject. 

In this scheme the methyl ester group of pectin occupies a peculiar posi- 
tion, providing a remarkable degree of flexibility of acidic character. Schlu- 
back & Hoffmann-Walbeck (28) found, in a careful preparation of apple 
pectin, which eliminated as far as possible all causes of degradation and de- 
esterification, a methoxyl content equivalent to 92 per cent of the fully 
esterified polygalacturonic acid. At the other extreme, in pectins from flax 
and ramie fibre only one-fourth or less of the carboxyl groups are esterified. 
This wide range of acidic character must play an important part in the 
physiological development of the plant, since ready de-esterification pro- 
vides a whole range of possibility for the provision of free carboxyl groups, 
as required, without the main structure being affected. 


STRUCTURE AND CONFIGURATION 


The basis of structure of the isolated polyuronide molecule is firmly 
established as a chain of polymerised uronic acid and monosaccharide units 
in glycosidic linkage (29). The chain is unbranched in some members of the 
group such as pectic acid (2, 3, 30), alginic acid (31), tragacanthic acid (32, 
33), and pneumococcus type III polysaccharide (4). For pectic acid this 
applies so far as is known only to the degraded molecule (30). In polyuronides 
where a branched chain has been demonstrated, the uronic units appear to 
be in the branch chains, as in arabic acid (34, 35, 36), damson gum (11), 


1 Published by permission of the Department of Scientific and Industrial Re- 
search, London, and of the Council of the British Food Manufacturing Industries 
Research Association. 
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and mesquite gum (12); but structures still more mixed may be anticipated, 

as in the hemicelluloses of Iceland moss (21) and Phormium Tenax (37). 

In a study of the functions and behaviour of the polyuronides, nonhomo- 
TABLE I 


Uronic Acip CONTENT OF POLYURONIDE 








Percentage of uronic 





Material sadinn tin Gath onike Reference 
Alginic acid 100 (1) 
Pectic acid ‘‘degraded” 100 (1, 2, 3) 
Pectins About 85 
Capsular polysaccharides: 

Pneumococcus Type III 50 (4) 
Pneumococcus Type VIII 33 (5) 
Rhizobium Radicicolum 33 (6) 
Hyaluronic acid (vitreous humour) 43 to 50 (7) 
Grapefruit gum 31 (8) 
Slippery elm mucilage 28 (9) 
Lemon gum 22 (8) 
Arabic acid 15 (10) 
Damson gum 14 (11) 
Mesquite gum 14 (12) 
Egg plum gum 12 (13) 
Almond tree gum 10 (14) 
Cherry gum 10 (15) 
Hemicelluloses: 
Various hardwoods 11 to 16 (16) 
Cottonwood 10 to 12 (17) 
Oakwood (A fraction) 8 (18) 
Wheat straw (B fraction) 8 (19) 
Iceland moss 10 (20) 
Iceland moss 5 (21) 
Wild cherry gum 8 (22) 
Mucilage from Indian wheat 6 to 11 (23) 
Mucilage from Aloe Vera 2.4 (24) 
Cellulose: 
Wood 0.8 (25) 
B-, from purified wood pulp 0.25 (26) 
Cotton 0.2 (27) 
Cotton 0.05 to 0.1 (25) 
a-, pure nil (26) 





geneities in the chain may be of importance as affording points of weakness 
in hydrolytic or other breakdown. Schultz & Husemann (38) found that in 
cotton cellulose, for a degree of polymerisation of 3100, there are built into 
the chain at regular intervals five linkages with unusually high hydrolytic 
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cleavage velocity, probably due to xylose residues derived from decar- 
boxylation of glucuronic acid units. Similar periodicities have been found by 
Husemann & Goecke (39, 40) for the oxidative breakdown of the chain in 
cotton, ramie, beech, and pine celluloses. 

The full nature of the chain structure of pectin can hardly yet be re- 
garded as settled (30), and nongalacturonide units may be present in the 
undegraded chain. From the work of Jenckel (41) on mixed polymerisation, 
if arabinose or other residues occur the inclusions may not be spaced regu- 
larly owing to different velocities of attachment of the units in building up 
the chain. However, the degradation of pectinic acid in acidified methyl 
alcohol has been shown by Jansen, MacDonnell & Ward (42) to yield an 
essentially homogeneous product of 32 galacturonide units, suggesting that 
non-uronide material may occur at this interval, either in the main chain or 
as a branch. 

Evidence of side attachments to the chain, especially of pectin, has 
accumulated. Work of Speiser, Eddy & Hills (43) on the kinetics of removal 
of “ballast’’ material during acid de-esterification of apple pectin suggests 
that a substantial part is attached to the chain by primary co-valence bonds, 
probably ester linkages. The remainder is held by secondary valence forces 
or merely as a physical admixture. McCready, Jeung & Maclay (44) have 
found that the last 10 per cent of non-uronide material in pectin or pectinic 
acids cannot be removed except by methods involving hydrolysis of primary 
bonds, and hence is an integral part of the pectin molecule. 

The presence of acetic acid associated with pectin was claimed by a 
number of earlier workers (45, 46), but there remained some doubt as to 
whether the acetic acid could be the result of decomposition or could arise 
from accompanying non-pectin material. Later, in a series of carefully puri- 
fied pectins extracted from citrus albedo under varying conditions, Myers & 
Baker (47) found from 1.9 per cent to 4.7 per cent of acetic acid. Vollmert 
(48) and Henglein & Vollmert (49) have found about 6 per cent in purified 
beet pectin, attached both to the galacturonic acid and to the accompanying 
non-uronide. None could be found in purified apple pectin. It would seem 
that the amount of combined or associated acetic acid can vary considerably 
in different pectins, according to the source and mode of extraction and puri- 
fication of the pectin. 

Proof of the occurrence in pectin of phosphoric acid in ester or ionic link- 
age is claimed by Henglein, Krissig & Steimmig (50). While part of the 
P.O; in the ash can be ascribed to inorganic phosphorus and to phospha- 
tides, there is a portion which is attached to the pectin and may play a part 
in bridging the chains. 

The attack on the difficult problem of spatial configuration has been 
advanced notably by Astbury (51) and Palmer & Hartzog (52, 53). Finding 
a cell period along the axis of alginic acid fibres of 8.7 A, against 10.3 A 
for cellulose, Astbury pointed out that there are two possible directions of 
the bonds joining C, and C, to the glycosidic oxygen. In cellulose the arrange- 
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ment is the flatter of the two, giving a rather longer average unit length along 
the axis of the fibre. The configuration of pectin fibres is of the same type as 
that of alginic acid, although the linkages are a in the one and @ in the other. 

Palmer & Hartzog (52) carried this further by showing that in sodium 
pectate fibres the period is 13.1 A, with apparently three units in the period, 
each 4.37 A in length along the axis. Thus the chain approximates the 
configuration of a 3-fold screw axis. In alginic acid there seem to be but two 
units in the period, giving a 2-fold screw. 

The same authors (53) found a period of 15.0 A for sodium alginate, with 
a unit length of 5.0 A along the axis, giving a 3-fold screw configuration simi- 
lar to that of pectic acid and also the flatter chain of cellulose. Pectic acid, 
on the other hand, resembled sodium pectate in fibre period and unit length. 


TABLE II 
CONFIGURATIONAL RELATIONS OF POLYSACCHARIDES 
[Palmer & Hartzog (53)] 











Sy Unit length Type of 
Material Fibre period ——- ry along fibre pyranose ring 
of chain P 
axis bond* 
A A 
Alginic acid 8.7 2-fold 4.37 II 
Sodium alginate 15.0 3-fold 5.0 I 
Pectic acid 13.0 3-fold 4.3 II 
Sodium pectate 13.1 3-fold 4.37 II 
Cellulose 10.3 2-fold 5.15 I 
Soda-cellulose 15.4 3-fold 5.13 I 





* I: 20° angle between C:O bond and pyranose plane. 
II: 90° angle between C:O bond and pyranose plane. 


An extension of these studies to soda-cellulose showed the fibre period 
to be 15.4 A and the unit length 5.13 A. As compared with cellulose, this is 
a change to a 3-fold screw axis without alteration in unit length. The authors’ 
summary of these relations is shown in Table II. 

It may be noted that the galacturonic chain is less flexible than the glu- 
curonic and mannuronic chains, since the screw symmetry remains 3-fold 
for both pectic acid and sodium pectate. The difference in screw symmetry 
between alginic acid and sodium alginate, and their different configurations 
at the ring bond, are of some interest in view of Astbury’s (51) suggestion 
that structural configurations such as those of cellulose and alginic acid may 
pass over into the alternative form under suitable conditions of intra-molecu- 
lar oscillation. Support is lent to this by Palmer & Ballantyne’s (54) x-ray 
analysis of pectin esters. The polygalacturonide chain in these esters has a 
2-fold screw which may have been forced on the chain by the close-packing 
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tendency of the aliphatic chains, which are perpendicular to the pyranose 
planes. Further evidence may be found in the x-ray study of Wuhrmann & 
Pilnik (55) indicating that de-esterified pectins crystallise to a greater extent 
than the original pectin, suggesting a flatter configuration after de-esterifi- 
cation. 

SYNTHESIS 


As far as present knowledge goes, the polyuronides appear in the field 
as fully formed, highly organised composite molecules, sustaining important 
structural and dynamic functions in plant and animal life, and but little is 
known of their synthesis. Although it has been suggested (47), and indeed 
evidence has been presented (56, 57), that increase in degree of polymerisa- 
tion of pectin, as reflected in gelling ability, can be brought about chemically, 
this is probably only under conditions not likely to the found in the organism. 
The polyuronides, like other polysaccharides, are probably formed by proc- 
esses of enzymatic transglycosidation, each type of chain being formed by 
its own enzyme system from constituents which receive their characteristic 
form while still at the unit stage (58). Illustrative of this is the work of Hirst 
and others (30) on the relations of pectic acid and galactan. Although the 
p-galacturonic acid unit of pectic acid is an oxidation product of D-galactose, 
yet the pectic acid chain cannot be formed by direct oxidation of galactose 
residues in the galactan chain, since the former is a-linked and the latter B- 
linked. The course of synthesis of the pectic acid must be different from that 
of the galactan, and transformation from one to the other, if it occurs, can 
only take place at unit level. The phosphoric acid found in association with 
pectin (50) may conceivably play a part in an interconversion of the kind. 


PROTO-STRUCTURE 


Insight into the arrangement of polyuronide molecules in the cell tissue 
has been obtained chiefly from study of the structure of protocellulose and 
protopectin. When the view of pectin as a long-chain molecule became ex- 
perimentally confirmed in the late nineteen-thirties, the way was open to 
conceive of the association of these chains according to a chain-linkage prin- 
ciple in general bio-structure. A concept was formulated [Meyer (59)] of 
protopectin as giant molecules of linked pectin chains bounded by other 
cell constituents to which they were united. 

The nature of the cross-linkages involved has been the subject of a shift 
of views. Evidence has tended to disfavour the early hypothesis [Sucharipa 
(60)] that the protopectin is a pectin-cellulose complex, with the cellulose 
present in esterified form. Whistler, Martin & Harris (61) concluded from 
work on cotton that there was no pectin-cellulose compound; cotton freed 
from pectic substance with alkali showed no significant change in tensile 
strength or viscosity. The pectin appeared to be present as an insoluble salt 
of multivalent ions, and when the ash was removed by cold 96 per cent 
acetic acid or by electrodialysis, the pectin was readily dissolved out by 
ammonia. Hann (62), examining the mode of occupation of the carboxyl 
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Fic. 1. Diagrammatic structure of protopectin [after Henglein et al. (50)]. 


(1) Bridge-building: metal ions linking the carboxyl groups of two different pectin 

chains. 

Hetero-acid pectin: the metal ion is attached to a pectin chain and a phos- 

phoric acid residue, which is attached to another pectin chain by a metal ion. 

(3) Two pectin chains are esterified by OH groups through a phosphoric acid 
molecule. 

(4) Mixed form of (2) and (3). 

(5) Mixed polymer: pectin and sugar. 

(6) Mixed form of (3) and (5). 

(7) Binding of pectin chain and e.g., cellulose chain by van der Waals forces. 

(8) Acetyl groups, e.g., in beet pectin (esterified with OH groups of the pectin 
chain). 
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groups of protopectin in sugar beet, could find no room for an ester-like 
linkage of uronic carboxyl with cellulose or other cell-wall constituents. 

On the other hand, evidence for the existence of ionic bridging has been 
extending, though it must be admitted at present to be circumstantial. 
Anderson and co-workers (16), to explain why the hemicelluloses of hard- 
woods were not extractable by hot water, but became soluble to some extent 
in water once they had been dissolved in sodium hydroxide, suggested that 
they are attached to some substance in the cell wall, probably through their 
carboxyl groups, though ionic bridging was not actually specified. Henglein 
(63) has discussed the possibility of bridging between carboxyl groups by 
multivalent metallic ions, particularly calcium, and finds much support 
from the physical behaviour of protopectin in cell tissues, and the extract- 
ability of pectin from them. He supposes that in protopectin the carboxyl 
groups of the pectin molecules, through such bridges, are meshed with one 
another and with celluronic acid groups and other constituents in a 3-dimen- 
sional network. With high methoxyl content and a small degree of meshing, 
the protopectin displays strong swelling characteristics; with lower methoxy] 
content and higher relative calcium content there is a greater degree of mesh- 
ing and an increased mechanical strength with a lessening of hydrophilic 
properties. Alterations in the physiological functions of the protopectin 
during growth reflect a gradual change between these two conditions. 

Bock (64) developed this hypothesis by relating it to the known facts of 
the extraction of pectin from its natural sources and the properties of the 
pectins so extracted. From closely-meshed protopectins such as those postu- 
lated for beet and flax, it is impossible to obtain pectin chains of a high de- 
gree of polymerisation by hydrolytic cleavage affecting only the glycosidic 
linkages (which is largely the case when pectin is extracted by boiling with 
dilute acids). Under such conditions, only those portions of the chains be- 
tween adjacent ionic bridges can be removed from the network. Long chain 
molecules of good gelling ability can be obtained by treatment (such as 
relatively low temperature extraction at low pH) which ruptures the inter- 
molecular bridges while causing little significant hydrolysis of the glycosidic 
linkages. 

The finding of esterified phosphoric acid in pectin led Henglein, Kriassig 
& Steimmig (50) to formulate a still more complex structure in which the 
ionic bridging functions through esterified phosphoryl groups and double 
ionic bridges involving the phosphoric acid, as well as through the more 
direct ionic bridging of the pectin chains and weaker bonding due to van 
der Waals forces. Fig. 1 shows diagrammatically the scheme presented, which 
is intended, of course, tu be fully 3-dimensional. 

The swelling behaviour of pectin-containing materials in 70 per cent 
methyl alcohol has been adduced by Henglein & Krohn (65) as further 
evidence of network structure due to ionic and weaker bonding. Swelling is 
attributed to hydration of the individual molecular chains, which are forced 
apart by the water molecules. Resistance to swelling is afforded by associa- 
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tion of carboxyl groups, or by formation of ionic bridges in pectins of lower 
degree of esterification. The swelling of ground beet residues was found to 
increase with rising temperature and acid concentration, and this was as- 
cribed to the lifting of ionic bridges. Apple pomace did not swell with hydro- 
chloric acid to the same extent as beet tissue, which was attributed toa 
smaller degree of meshing, with fewer bridges capable of being opened up. 

On the actual molecular size of protopectin, or indeed on whether the 





Fic. 2. Wall surface of vesicles of Valonia ventricosa. [By permission of the Editor 
of Nature and of Dr. R. D. Preston and co-workers. See (67).| 


entire molecule on Henglein's plan is co-extensive with the natural formation 
in the organism, there is no direct knowledge, and information is lacking 
also on the length of the molecular chains composing it. 


STRUCTURAL-FUNCTIONAL RELATIONS 


The structural and dynamic functions of the polyuronide in the plant 
must be largely dependent on the characteristics of the molecular chain. 
These include chemical, physico-chemical, and spatial characteristics. It 
may be expected that cellulose with a simple chain and the relatively flat 
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chain-configuration already mentioned (51), giving the possibility of long 
alignments, will tend to exhibit a high degree of density and crystallinity 
[Hermans et al. (66)]. Preston and co-workers (67) have obtained electron 
micrographs of the cell wall structure of Valonia ventricosa with fibres of 
very regular appearance which the authors suggest may be regarded as 
“crystallites’’ of cellulose (Fig. 2). The alignments of cellulose must be 
ascribed largely to the relative facility for hydrogen bond formation, and the 
very rare carboxyl groups must be supposed to serve mainly as points of 
attachment for other cell wall constituents. A close structure of this type 
would obviously contribute characteristics of considerable toughness. With 
more highly carboxylated polyuronides the tightness of the structure may 
depend much more on ionic bridging, but even so will be likely to be more 
open than with cellulose and more subject to disordered arrangement 
[Boehm (68)]. 

In the case of pectin the more labile character of the structure, due to the 
possibility of increase or decrease of the number of free carboxyl groups, 
permits a concomitant variation of properties. Bock (64) has discussed the 
relation between length of chain and degree of bridging in protopectin and 
the type of function of the protopectin in the plant, as a structure capable 
of swelling and imbibition or as a cementing and supporting material. 
Probably the acidic and hydrophilic properties of polyuronides are respon- 
sible for their function in the cell wall of the plant roots in providing a hy- 
drated matrix for the migration of ions after the contact cation exchange 
with soil particles demonstrated by Jenny & Overstreet (69); and for the 
somewhat obscure function of pectin, possibly as a reactive network, in the 
vacuolar sap of cells [Hofmeister (70)]. 

In these various functions the spatial form of the molecular chains must 
be important. Kubal & Gralén (71), comparing the sedimentation and dif- 
fusion of karaya gum and locust bean gum, suggested that the molecules of 
the former behave as matted coils, immobilising solvent in the coilings, 
while the latter consists of straight chains, “free-draining” in the solvent. 
Altered configuration of chains due to attached side-groups (54) may affect 
the hydrational properties of the molecules. Examining by x-ray analysis 
the spacing of pectin chains in relation to degree of esterification, Palmer, 
Merrill & Ballantyne (72) showed an irregularity of packing on drying caused 
by the methyl ester groups. This would appear to favour an increase of 
sorption capacity for water, but the authors found that the equilibrium 
moisture content at a given relative humidity was practically independent 
of degree of esterification. The latter fact was confirmed by Henglein and 
Krohn (65) for pectic acid prepared by alkali saponification. However, 
these workers, taking special steps to separate the effects of molecular deg- 
radation and of de-esterification, found that both of these factors caused 
reduction in swelling volume (in 70 per cent methanol). They ascribed the 
greater swelling with the more highly esterified pectins to the effect of ester 
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groups in lessening the association of carboxyl groups and thereby permitting 
the water molecules more easily to hydrate and force apart the molecular 
chains. 

Metamorphosis and breakdown of polyuronide structure in the plant 
is probably largely controlled by enzymatic transformations, though it is 
not unlikely that chemical activity, such as control of ionic bridging by 
changing degrees of acidity, may play a part. The importance of enzymatic 
activity is illustrated in the description by Brown (73) of the mode of attack 
of the facultative type of parasitic fungi on plants. The parasite enters 
through thin outer walls, wounds, stomata etc., and advances through the 
tissues behind a screen of cells which have been killed, with softening or 
solution of cell wall constituents, mainly pectic in nature, by pectinase 
enzyme excreted by the hyphae and diffusing ahead. The process may be 
regarded as an exaggeration of the natural enzymatic processes which more 
slowly shape normal physiological development of the plant. 

In the growth of the plant itself it seems probable that combinations 
of synthesis and breakdown must occur to account for transfer and segrega- 
tion effects such as those observed by Dauphiné (74). Protopectin was found 
in the membranes of nettle stem not only alongside the cellulose but in com- 
plex association with it, at least at the outset. In the course of development, 
segregation of the pectin occurred so that tissues entirely or almost entirely 
composed of protopectin were formed. It would seem that the process of 
translocation involved would require far-reaching disruption of the pectin 
or cellulose chains followed by recombination of units or chain fragments. 


BREAKDOWN 


While no precise knowledge has been gained of the mode of breakdown 
of the polyuronide structure in plant metabolism, much work has been 
done on the breakdown, both purely chemical and enzymatic, of the isolated 
chains, particularly of pectin. 

Two aspects which have been much studied are the de-esterification of 
pectin (43, 75 to 79) and the glycosidic hydrolysis of the pectin chain (76, 77, 
80). The temperature coefficients and hydrogen ion catalysis of these two 
reactions must differ appreciably. According to Hinton (57), de-esterification 
in boiling 0.05N hydrochloric acid proceeds more rapidly than glycosidal 
breakdown (as measured by increase in iodine reduction). In Weber’s (76) 
experiments, at temperatures below 55°C. chain breakdown was small 
between pH 0.3 and 2.8, while de-esterification increased much more than 
did chain breakdown when the pH was lowered. Merrill & Weeks (80) 
found that at 80° to 100°C. the chain breakdown (as indicated by viscosity) 
in aqueous solution at pH 2.7 proceeded much faster than de-esterification. 
The character of the products, whether free or partly esterified polygalac- 
turonic acids, clearly varies according to the hydrolytic atmosphere. 

Enzymatic breakdown of pectin is on a different footing. It seems that 
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chain degradation by polygalacturonase is partly dependent on precedent 
de-esterification (81, 82, 83). Jansen & MacDonnell (82) suggest that at 
least two adjacent free carboxyl groups are necessary for its action. Accord- 
ing to Jermyn & Tomkins (84), the hydrolysis of the glycosidic linkages by 
polygalacturonase preparations from moulds is the result of random attack 
on the chain. Reid (85), studying the enzymatic degradation of the poly- 
saccharides of fruits, found evidence that the hydrolysis of pectic acid occurs 
in two stages, possibly due to the action of separate enzymes, one being the 
hydrolysis of araban and galactan, the other the hydrolysis of polygalac- 
turonic acid. The relative velocities of the reactions may account for the lack 
of correlation found by Kertesz (86) between the initial fall of viscosity 
and the amount of glycosidic hydrolysis. 

As regards enzymatic de-esterification, there is evidence that the mode 
of action of the esterase on the pectin chain is selective. Whereas acid or 
alkali act randomly, the esterase appears to act on successive groups along 
the chain (83). In consequence, the free acid groups exhibit more interference 
and dissociate less in the pectin de-esterified by enzyme than in pectin de- 
esterified by acid or alkali (87). This results in the former giving firmer gels 
of the high-solids type, but inferior gels of the low-solids calcium-ion type. 

The breakdown of the cellulose chain has been studied by Schultz & 
Husemann (38), who found that hydrolytic cleavage of cotton cellulose oc- 
curs at special linkages in the chain. Enzymatic breakdown, according to 
Husemann & Létterle (88), as for pectin is by random attack and not by 
attack at weak places or at the ends of the chain. 

Hydrolysis of chains and of ester groups by H-ion catalysis probably 
proceeds in the protopolyuronides as with the chains in the liberated state, 
but the rate of attack must be influenced by such factors as velocities of 
diffusion inwards of hydrolytic agents and outwards of liberated chains and 
chain fragments. Conditions favouring the lifting of ionic bridges are an 
important factor, since the lifting facilitates the liberation of relatively long 
chains. Bock (64) attributed the success of Liidtke & Felser (89) in prepar- 
ing a high-molecular, jelly-forming pectin from flax, to this factor. Many 
aspects of the subject are discussed in considerable detail by Bock (64), 
but it must be admitted that a quantitative attack on the problem has been 
lacking. 

Information on the enzymatic decomposition of protopolyuronide is 
also inconclusive. According to Clayson (90), pectase (pectin-esterase) and 
pectinase (polygalacturonase) are the principal enzymes involved, but there 
may be others which remove araban and galactan. He considered that the 
separation of pectin and cellulose, and the initial depolymerisation of the 
pectin, are not necessarily enzymatic. The question of the possible occurrence 
of a protopectinase is unsettled. Beaven & Brown (91) claimed to show the 
presence of a protopectinase in Byssochlamys fulva, though they could find 
no esterase or polygalacturonase. Reid (92) found both these enzymes elabo- 
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rated by B. fulva, but admitted the possibility that a disaggregating enzyme 
also is required for the degradation of the pectin. 

Another form of breakdown may be mentioned which perhaps plays a 
larger part in plant physiology than has generally been suspected. This is 
an oxidative breakdown of pectin and other polyuronides caused or induced 
by hydrogen peroxide, or by ascorbic acid and other enediols in presence of 
oxygen or a suitable hydrogen-acceptor such as hydrogen peroxide. Ascorbic 
acid and hydrogen peroxide, when present together, reinforce one another 
in this oxidative action (93). Kertesz (94) placed emphasis on the effect of 
hydrogen peroxide as a possibly important factor in a nonenzymatic mecha- 
nism for changes in pectic substances in the organism. Deuel (95) paid more 
attention to the role of ascorbic acid which, by autoxidation, appears to act 
as an inductor for the oxidation of the pectin. Most of the work so far has 
consisted of observations of viscometric changes, and a satisfactory explana- 
tion of this form of breakdown cannot yet be offered. 


PHYSICAL BEHAVIOUR 


While much work has been done on the physical properties of the free 
chains of pectins and pectic acid, and to a less extent on cellulose, alginic 
acid, and some of the gums, the mucilages and hemicelluloses remain almost 
unexplored in this field. Much information has been obtained on molecular 
shape and size by osmotic measurements on pectin (96) and gum arabic 
(97), studies of the viscosity of pectin (75, 80, 86, 96, 98 to 107), karaya 
gum (71,108), and hyaluronic acid (7), the streaming birefringence of pectin 
(68, 109, 110) and cellulose (111), ultracentrifugal and diffusion measure- 
ments on pectin (112, 113), karaya gum (71, 114), gum tragacanth (115), 
and cellulose (116), electrophoretic mobility of pectin (117) and gum arabic 
salts (118), and measurements of mechanical properties of cellulose (119). 
Some of these methods have also given information on the distribution of 
molecular size for pectin (120, 121) and cellulose (119). 

The electrochemical condition of the molecules must play an important 
part in the behaviour of the polyuronides in solution, or even in association 
with limited amounts of water as in the organism. The dissociation behaviour 
of pectin and pectinic acids has been particularly well studied (83, 100, 121 
to 126), and some attention has been paid also to gum arabic (97, 118, 127, 
128), alginic acid (129) and karaya gum (71, 130). As Speiser (87) has pointed 
out for pectin, the dissociation, while in broad respects not unlike that of a 
monobasic acid such as D-galacturonic acid (pK =3.5 at 20°C.), is subject 
to the effects of interaction between neighbouring carboxyl groups and 
hence is affected by their mode of distribution along the chain (83). On the 
other hand, it appears to be independent of molecular weight. 


GELLING PHENOMENA 


The properties above discussed are obviously important in regard to 
the formation of macro-structures such as gels. Gelling has long been regarded 
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as a form of coagulation in which the coagulated particles form a continuous 
network (131), but the gel is the one extreme of a molecular bonded structure 
which may present all degrees of deformability from the elastic gel to the 
plastic mucilage. This structural bonding may be regarded as a limited rever- 
sion to the solid three-dimensional proto-structure of the organism. Suitable 
conditions are offered by the provision of adequate facilities for ionic bridging 
(as in low-solids calcium pectinate gels) and by the effects of dehydrating 
substances such as sugar, alcohol, etc., in forcing dehydration (or ‘“‘insolu- 
bility’’) upon the chains. This allows network formation to begin by forma- 
tion of hydrogen bonds or by the effect of van der Waals attractions. The 
presence of a large preponderance of liquid phase prevents anything more 
than the comparatively rare contacts of a very loose network. With the sim- 
pler chains, such as those of the pectins and alginic acid, the network is 
rather rigid; with the gums, etc. with branched molecules it is more plastic 
in character. 

The importance of molecular size in pectin gel formation was shown by 
Schneider & Bock (132). Shortening of the chains must weaken the lattice 
structure of the gel or even, when insufficient pectin is present, prevent 
the formation of a lattice. The quantitative relation between chain-length 
and gelling ability has not been worked out, and is a complex problem in 
view of the variable distribution of chain-lengths in pectins of different 
type (133). 

That side-groups to the chain can profoundly affect gelling ability has 
been shown by Pippen, McCready & Owens (134). The introduction of 2.6 
per cent or more of acetyl groups markedly reduced the ability of pectin to 
form high-solids gels, but the gelling ability could be restored by acid hydroly- 
sis at normal temperature to remove part of the acetyl. Acid hydrolysis of 
beet pectin at 25°C. produced a gel-forming pectin when the percentage 
of acetyl fell to about 1 per cent. This does not invalidate Bock’s (64) view 
that lifting of ionic bridges with relatively little chain hydrolysis is necessary 
to obtain a high gelling pectin from beet. 

It is beginning to appear that the pectin gel can be sustained by two 
types of bonding which may function independently or together. The first 
is probably some form of hydrogen bonding between hydroxy! groups (133) 
or the effect of attractions between methyl ester groups (135) due to weak 
van der Waals forces (133, 136). Schneider & Bock (132) visualised the pectin 
gel as a three-dimensional structure formed by linkage of carboxyl groups 
of one chain to the hydroxy! and carboxy! groups of others. The role of sugar 
was predominantly dehydrational. On this view, liberation of carboxyl 
groups by de-esterification facilitated gelling (shown by an increased rapidity 
of setting). Against this may be cited the experiment reported by Hinton 
(124) in which a pectin esterified to a very high methoxyl content (14.5 
per cent) formed gels up to a pH of 4.2. The success of Deuel, Huber & Leuen- 
berger (137) in obtaining, by esterification with diazomethane at — 20°C. 
(138) a fully esterified pectin would seem conclusive on this question, since 
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this pectin gave at a pH of 5.8 a perfectly satisfactory 60 per cent sugar gel, 
rather stronger than that given by the original pectin at a much lower pH. 
The authors concluded that hydrogen bridges between carboxyl groups are 
not essential to the pectin gel. 

On the other hand, there is growing stress on the fact that carboxyl 
groups, due to their dissociative tendency, are inimical to this first form of 
gel-bonding. Glikman (139) has explained the role of acids in the gelling 
of pectin as depending on the formation of molecules of the free acid (pectinic 
acid) from its salts, thus diminishing the charge. Because of the buffer 
properties conferred by the weak ionisation of the pectinic acid, this is 
expressible in terms of pH (140, 141, 142). Hinton (124) developed this view 
on quantitative lines on the assumption that gel formation is not participated 
in by molecules in the ionised condition, gel-inhibiting ionisation of the mole- 
cule occurring when a critical proportion (which varies with degree of esterifi- 
cation) of the carboxy] groups is dissociated. Assuming this, it is only the non- 
ionised molecules in excess of a certain solubility limit which form the gel, 
this limit being dependent on total solids concentration and on the intrinsic 
character of the pectin. Doesburg (136) has used the hypothesis to account 
for the effects of degree of esterification on the rate of setting, and Harvey 
(143) has shown that, by assuming a temperature factor as applying to the 
solubility limit, the setting temperature phenomena described by Hinton 
(144) are necessary consequences. This interplay of dissociation effects 
with factors governing solubility can be shown to interpret many of the 
ordinary phenomena associated with varying pH, soluble solids and pectin 
concentration in high-solids pectin gels containing only monovalent cat- 
ion buffers. It also accounts for the observation (57) that the upper limit 
of pH for gelling is raised when the degree of esterification is increased, and 
that the pH limit is lowered by decreased esterification (133), at least when 
this is effected by alkali and perhaps by acid. This lowering of the pH maxi- 
mum is not necessarily in conflict with the observation of Doesburg (136) 
that the gel strength is raised on de-esterification, since Doesburg’s gel tests 
were carried out at a pH just above 2 and Hinton (124) has shown that 
there may be a crossing over of pH-gel strength curves due to different 
solubilities of the nonionised pectins. 

The second form of bonding is due to ionic bridging between carboxyl 
groups, and in a sense runs counter to the adverse effect of ionisation on the 
first type of bond. Baker & Goodwin (75) showed the importance of small 
amounts of calcium and other multivalent ions in gelling, and concluded 
that this was due to the building up of a lattice-like structure by ionic bridg- 
ing. The removal of ester groups permitted stronger cross-linkage, and with 
a sufficient exposure of carboxyl groups gels could be obtained even in the 
absence of sugar. According to Speiser & Eddy (145) the strength of low sugar 
gels formed by calcium-bridging is strongly dependent on the proportion 
of acidic groups and less so on the molecular weight of the pectin. The 


a 
4 
. 








dist 
port 
in ¢ 
acid 
The 
less 
tion 
ting 
dist 
de-¢ 


also 
tha 
cha 
ing 

nec 
can 


gel- 
Ris 
alsc 
ten 
ion! 
resi 
or | 
to » 
cei’ 
ran 
Re 
als 
chr 
bal 


the 


be 
get 


for 
tio 
wa 
no’ 





‘¥ . 


wT wow FF ws CF Ye © Tc eaes Fen wwwae ™ a 


—_ 


-_ 


= =e {il oe ae a oe hCUV 


Ne \ a Ve) Med 





THE POLYURONIDES 81 


distribution of the carboxyl groups along the chain is a factor of some im- 
portance. Pectins de-esterified by enzyme show inferior gelling behaviour 
in calcium-bonded gels as compared with those de-esterified by alkali or 
acid. This is ascribed to a difference in the mechanisms of de-esterification. 
The authors suggested that because the distribution of carboxyl groups is 
less random in the enzyme de-esterified chain, some molecules do not func- 
tion at their optimum in forming ionic-bonded gels. Speiser, Copley & Nut- 
ting (117) have demonstrated this lack of homogeneity by showing a broader 
distribution of electrophoretic mobility in enzyme de-esterified than in acid 
de-esterified pectin. 

The number of carboxyl groups exposed tends to be a limiting factor 
also. Schultz, Owens & Maclay (146), working on pectinate films, have shown 
that exposure of more carboxyl groups does not apparently increase the 
chance of cross-bonding beyond a certain point. This is explained by suppos- 
ing that with increase of carboxyl groups a greater proportion of them are 
necessarily located in positions remote from groups in other molecules, and 
cannot participate in cross-bonding except in ‘‘crystalline’’ regions. 

As already suggested, there may be opposing effects of the two types of 
gel-bond, at least in gels containing both mono- and polyvalent cations. 
Rise of pH encourages the formation of ionic bridges on the one hand but 
also, when the rise is due to increase in the proportion of monovalent ions, 
tends to suppress the formation of co-ordinate bonds because of increased 
ionisation. There is evidence of a region in which the two effects balance, 
resulting in a rather wide pH band of fairly constant gel strength (136, 144) 
or even the appearance of maxima (136). Doesburg attributes the maxima 
to the effects of trivalent cations such as iron and aluminium, which con- 
ceivably accentuate the rigidity of an ionic-bonded lattice over a small 
range of pH until, with further rise of pH, ionisation effects predominate. 
Remarkable gelling effects of trivalent ions in the absence of ionisation have 
also been reported by Haller & Frankfurt (147) for iron, aluminium, and 
chromium in gel formation by gum arabic, and by Siaverborn (102) for co- 
balt in pectin gels. 


GELLING AND PROTO-STRUCTURE 


From the standpoint of this review the pectin gel is an artifact upon 
the processes of nature, and the same is true of most other polyuronide gels. . 
But the behaviour of the molecular chain in gelling can still be supposed to 
be governed by those principles which operate in forming and holding to- 
gether the giant molecules of the natural organism; though the emphasis 
on different factors will be different. The several bonding mechanisms, 
for example, will be differently apportioned in the proto-structure. Dissocia- 
tion tendencies will be partly suppressed owing to the relative absence of 
water, so that even at high pH the bonding mechanisms may reinforce and 
not oppose one another. 
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Discussing the geometry of the lattice structure of the gel, Hinton (148) 
has calculated that only about one in eighty of the galacturonide residues 
on the average need function in bond formation in the lattice of a moderately 
firm pectin-sugar gel. Obviously at this degree of separation of the chains, 
very little potential bonding is active. By picturing the elimination of a 
large amount of the interstitial liquid and the collapsing of the lattice upon 
itself it can be seen that there is a vastly increased opportunity for bonding 
of both types in the protopolyuronide structure of the organism. The differ- 
ence between bonding in the gel and in the proto-structure is partly one of 
degree. 

Study of the effects of various agencies and their interplay—enzymes 
and their concentrations, pH conditions, availability of cations and water, 
temperature effects—upon the fine structure, properties, and gelling be- 
haviour of the polyuronide chain can throw valuable light upon the mecha- 
nisms in the plant for developing structure and differentiating it for special 
purposes. Factors which can be applied artificially to modify the free mole- 
cule ex situ and produce a very wide range of behaviour can be presumed to 
be active also in situ and, as Bock (64) somewhat lyrically remarks in his 
monograph on pectin, “the delicate balancing of these factors provides for 
the individual plant ot organ a precise protopectin structure which in its 
elegance is only possible in the kaleidoscope of nature.”’ 
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CHEMISTRY OF THE LIPIDS!” 


By Kar F. Matrtiv 
Research Laboratories, Swift and Company, Chicago, Illinois 


PHYSICAL AND CHEMICAL PROPERTIES 


Progress in lipid chemistry is rapidly becoming more and more dependent 
upon the intelligent application of the many valuable techniques of the 
physicist and physical chemist. Even the most casual survey of the recent 
literature provides adequate substantiation for this statement. 

Polymorphism.—The study of polymorphic behavior has been used 
increasingly to characterize glyceride fractions from natural fats in the 
investigation of fat composition. In addition, polymorphism is technologi- 
cally important in the broad field of fat crystallization, as applied in shorten- 
ing manufacturing processes. Polymorphism is the occurrence of a compound 
in different crystalline forms which are distinguishable by x-ray diffraction 
patterns and which exhibit different melting points. A great quantity of 
information has been published on this subject in the past few years and has 
led to considerable confusion, due in part to the differing points of view of 
various authors. In a recent review, Lutton (2) has made an admirable at- 
tempt to clarify some of the issues and to state some of the basic principles 
involved, admitting at the outset that he was writing from the point of view 
of only one school of thought. 

The long zig-zag paraffin chains of the fatty acids crystallize with their 
long axes parallel. Molecular end groups, whether methy! or polar groups, 
associate with each other to form planes so that certain repeat distances 
(long spacings) in the long chain crystal correspond to integral multiples 
of the molecule (or chain) length. In many cases, tilting of long chain axes 
with respect to end group planes shortens the observed long crystal spacing. 

It is the cross-sectional arrangement which gives the primary basis for 
nomenclature of polymorphic forms through the associated short spacings. 
Glycerides are said to have a, 8’ and 8 forms, with increasing melting points, 
the last being normally the most stable form. A triglyceride long spacing 
may include one, two, three, or four segments corresponding with the lengths 
of the constituent fatty acid chains. The number of segments observed in the 
long spacing is designated numerically in conjunction with the symbol for 
the short spacing form, e.g., 6-2. The double segment structure of reversed 
tuning forks is the most common in glycerides. In the case of unsymmetrical 


1 This review covers the period from approximately December, 1949 to November, 
1950. 

2 The scope of this review has been limited in order to avoid too much overlapping 
with other reviews in this volume. It has been further limited by omitting references 
to the analyses of the fatty acid and glyceride compositions of various fats, which are 
adequately covered in an annual review by Piskur (1). 
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glycerides, this may give way to triple-chain length “‘chair-type”’ arrange- 
ments. 

In an investigation of the polymorphic forms of synthetic 2-oleyldipal- 
mitin (POP), Lutton & Jackson (3) observed the following forms: a-2 
(m.p.18.1°), sub-8’-2 (26.5°), B’-2(33.5°) and B-3(38.3°). Their results differ 
from the data of others, much of the discrepancy involving the existence of 
the so-called vitreous forms of fats which have never been confirmed by 
Lutton and his co-workers. It was pointed out that in contrast to the impli- 
cations of earlier workers, POP showed a number of characteristic differences 
from SOS (2-oleyldistearin) which had shown, on crystallization from melt, 
a-3, sub-8-3 and 8-3 forms. 

The data obtained by Lutton & Jackson confirmed the conclusions of 
earlier workers (4) that the oleyldiplamitins from stillingia tallow and from 
piquia fat are symmetrical. Gupta & Meara (4) had previously arrived at 
this conclusion solely on the basis of melting points. Since the only identified 
oleyldistearins of nature are symmetrical, as are the present oleyldipalmitins, 
it was suggested that it would be of considerable interest to establish how 
general is the occurrence of symmetrical disaturated glycerides in nature. 

Jackson & Lutton (5) later observed that the polymorphism of beheny] 
(C22) containing glycerides is similar in type to that reported for shorter 
chain compounds. However, the behenyl compounds all showed rather high 
8’ stability, the unsymmetrical PBB exhibiting no 8 form at all. A feature 
of considerable interest was the new sub-a form clearly manifested by the 
unsymmetrical behenyl glycerides at low temperature (—50°). At higher 
temperatures it transformed reversibly to a; it appeared to be analogous to 
the sub-a form of monoglycerides. The authors suspect that sub-a may be 
formed by most, if not all, triglycerides, but is more readily obtained with the 
unsymmetrical compounds. 

Benedict, Sidhu & Daubert (6) observed considerable individuality in the 
diffraction patterns of the three diacid 1,3-diglycerides obtainable from 
stearic, oleic, and elaidic acids. Their x-ray data revealed only one form for 
1-oleyl-3-elaidin and two forms for 1-stearyl-3-elaidin and 1-stearyl-3- 
olein. 

The dielectric properties of 1-monopalmitin and 1-monostearin were 
investigated by Crowe & Smyth (7). Both compounds were observed to 
possess orientational freedom in both the a@ and sub-a forms. The observed 
high conductivity of these forms, similar to that reported for long chain 
alcohols, has been attributed to a proton transfer mechanism facilitated by 
rotation of the chains about their long axes. The more stable 6’ and 8 
forms possessed dielectric constants low enough for them to be considered 
non-rotators. It was pointed out that rotational freedom is usually associ- 
ated with molecules whose long axes are perpendicular, or nearly so, to the 
planes of the end groups, whereas tilted molecules usually lack this orienta- 
tional freedom. 

Chemical reactions.—In order to determine the manner in which hydro- 
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genation of a conjugated triene system occurred, Woltemate & Daubert 
(8) followed the progressive hydrogenation of methyl B-eleostearate in sol- 
vent. The reaction appeared to be fairly selective, occurring predominately 
by a one-six addition. The data indicated that the methyl B-eleostearate 
probably did not have a trans configuration, but trans isomers were formed 
during hydrogenation. Vaccenic acid was isolated as a major monoethenoid 
product. Burton (9) bombarded purified oleic acid with deuterons and found 
stearic acid, heptadecene, and polymerized acids in the reaction product. 
This demonstrated that the hydrogen produced by decomposition of an 
organic molecule under the influence of radioactivity can enter the double 
bond of a neighboring molecule. 

On esterification of tall oil with pentaerythritol or glycerol, Dunlap, 
Hassel & Maxwell (10) have shown that a difference in the relative rates 
for fatty acids and for resin acids persists even up to 275°C. In 6 hr. at 180°C. 
the resin acids were not appreciably esterified, while the fatty acid esterifica- 
tion was virtually complete. Esterification of the resin acids became evident 
at 220°C. and was progressively more rapid at 250°C. and 275°C. This selec- 
tive esterification provides a basis for a relatively simple process for obtain- 
ing the polyhydric esters of tall oil fatty acids practically free of resin acids. 
Gros & Feuge (11) have reported the effect of a number of catalysts and of 
reaction conditions upon the alcoholysis and ester interchange of methyl 
and ethyl esters of mixed fatty acids. 

A rather detailed study of the effects of alkali refining, adsorption bleach- 
ing, and steam deodorizing on the ultraviolet and visible spectra of six 
edible vegetable oils was made by O’Connor et al. (12) and the findings were 
interpreted upon the basis of existing spectral data. On the basis of the ultra- 
violet spectra, it was concluded that the various processes, which were 
roughly comparable with customary commercial practice, showed little 
effect upon conjugation but did appear to alter oxidation products in the 
oils. In the near ultraviolet and the blue to blue-green of the visible, two 
groups of pigments were observed, one of which is removed by alkali refining 
and the other by adsorptive earth bleaching. The nature of these pigments 
was not known. With the exception of some indications of traces of antho- 
cyanins, all the characteristic absorption in the visible range was attributed 
to pheophytin a, and not to chlorophyll a@ as commonly supposed. All the 
oils showed clear evidence of pheophytin a, except peanut oil which appeared 
to have no absorption attributable to chlorophyll or its derivatives. 


ANALYTICAL 


Physical and physical-chemical methods.—A clear-cut example of the im- 
portance of the application of various physical and physical chemical 
techniques can be seen in the current attempts to establish the chemical 
structure of vaccenic acid, which has long been thought to be trans-11- 
octadecenoic acid, an isomer of elaidic acid. Benedict & Daubert (13) 
showed that the vaccenic acid obtained as a product of hydrogenation of 
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B-eleostearic acid (8) gave an x-ray diffraction pattern essentially identical 
with that obtained with vaccenic acid isolated from natural sources. Their 
x-ray data also indicated that synthetic trans-11-octadecenoic acid and 
elaidic acid possessed similar crystal structures, the two having nearly 
identical long and short spacings. However, there were observed certain 
dissimilarities in the diffraction patterns of the natural vaccenic acid when 
compared with those of the synthetic ¢trans-11-octadecenoic acid and elaidic 
acid, which led these authors to suspect differences either in the angles of 
tilt or perhaps in structure. 

The identity of the structure of the synthetic trans-11-octadecenoic acid 
has since been definitely established by Bumpus, Taylor & Strong (14). It 
was their conclusion, based on the differences in x-ray diffraction patterns, 
that this acid is not identical with natural vaccenic acid. This, of course, 
raised the question as to the structure of natural vaccenic acid, which these 
authors felt must be left open at present. It was suggested that the observed 
variations possibly could have been caused by contamination of the natural 
vaccenic acid preparations with small amounts of isomeric acids sufficient 
to produce an altered x-ray structure. These authors clearly pointed out the 
distinctions provided by the present case between infrared spectra, x-ray 
patterns, and chemical evidence. The infrared spectra of the synthetic 
trans-11-octadecenoic acid and natural vaccenic acid were essentially identi- 
cal, while the x-ray patterns were different. Likewise, the synthetic acid and 
elaidic acid showed essentially identical x-ray patterns, although on the basis 
of chemical evidence they were obviously not the same compound. 

The x-ray diffraction patterns of the various crystalline forms of stearic 
acid (15) and of a number of derivatives of fatty acids have been investi- 
gated, partly to develop means for identification and analysis. Witnauer & 
Swern (16) studied the 9,10-epoxystearic acids, the 9,10-dihydroxystearic 
acids, and the 9,10-epoxyoctadecanols and reported that each member of 
the isomeric pairs could be positively identified by the position and intensity 
of the x-ray diffraction lines. It was found that melting point-composition 
data could be employed to determine the composition of binary mixtures of 
the epoxy isomers to within 1 per cent. Similar data for the isomeric 9,10- 
dihydroxystearic acids were said to be of little value for analytical purposes. 
The powder patterns of such mixtures, however, showed the characteristic 
lines of each isomer, even when as little as 1 per cent was present and the 
composition could be calculated to within 3 per cent from the relative 
intensity of selected pairs of diffraction lines. 

Matthews, Warren & Michell (17) prepared the silver salts, amides, and 
anilides of a variety of fatty acids. They reported the diffraction data for 
silver salts from C2 to Coo, amides from Cz to Cig and the anilides of Ci, 
Cys, and Cy. Each type of derivative was found to be suitable as a means of 
identification of the acids based on their x-ray diffraction powder patterns. 
For ease of preparation and pattern differentiation the silver salt series was 
preferred. 
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Raman spectrographic methods were used by Luther & Berge (18) for the 
qualitative and quantitative analysis of synthetic fatty acids containing 
up to 12 carbon atoms. In mixtures containing acids of nine or less carbon 
atoms, predictions could be made as to the structure of all iso acids present; 
for higher molecular weights (up to 12 carbons), only group predictions 
could be made. 

The application of ultraviolet spectrophotometry in the analysis of fatty 
acid and ester mixtures has become nearly universal over the past decade. 
Modifications and improvements of techniques are still being made, how- 
ever. The basic method depends upon the empirical isomerization of the 
natural polyunsaturated acids and esters to form conjugated linkages which 
have characteristic absorption maxima. When ethylene glycol and potas- 
sium hydroxide are used as the isomerization reagent, the background 
absorption produced during the heat treatment becomes a large portion of 
the total absorption and is variable, prohibiting use of 100 wg. quantities of 
sample. In a modified method developed by Berk et al. (19), this difficulty 
has been avoided by the use of aqueous alkali at high temperature and 
pressure. O’Connell & Daubert (20) have likewise modified the basic method 
so that it could be adapted to the analysis of milligram quantities of blood 
lipids. 

Potter & Kummerow (21) have found that the presence of nonsaponifi- 
able material in lipids can cause significant differences in the calculated 
fatty acid composition. The error was appreciable in lipids extracted from 
liver unless a saponification and extraction procedure was included in the 
method. Chicken skin fat contained a yellow pigment which absorbed in the 
ultraviolet region and caused errors in the spectrometric analysis. These 
authors have recalculated the equations developed by previous workers on 
the basis of arachidonic acid of 99.3 per cent purity, and recommend the 
use of the modified equations in the spectrometric analysis of polyun- 
saturated fatty acids. 

The application of infrared spectroscopy to lipids has recently been dis- 
cussed by Binkerd & Harwood (22). Swern et al. (23) have made direct 
comparisons of the infrared method and the lead salt method for the deter- 
mination of trans-octadecenoic acid and its esters. The former method is 
based upon the strong absorption of the trans double bond at 10.36 microns. 
The data indicate that this method is more rapid, specific, and accurate 
than the lead salt method, is directly applicable to trans isomers in either 
acid or ester mixtures, and requires only a small sample which can be re- 
covered if necessary. 

Interest in selective adsorption techniques (chromatography) as a means 
of separating fatty acids appears to be increasing, and some new modifications 
have been reported in the past year. In displacement analysis, Hagdahl & 
Holman (24) increased the separability of fatty acids by reducing their 
solubility in the solvent used or by lowering the temperature. The best 
displacer they have found for a fatty acid is its nearest homologue of lower 
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solubility in a solvent which just dissolves the desired concentration of 
displacer. They verified the use of isotherms to predict the character of dis- 
placement diagrams for fatty acids. These same authors (25) have demon- 
strated the displacement separation of all normal saturated fatty acids 
from one to twenty carbon atoms by the proper choice of solvents for each 
group of acids, with Darco G-60 as the adsorbent. 

Howard & Martin have applied a new method of reversed phase partition 
adsorption to long chain fatty acids. By this method, the less polar of two 
phases is the stationary phase. Lauric, myristic, palmitic, and stearic acids 
were readily separated and the proportion of each was determined. It was 
presumed that acids of differing degrees of unsaturation should be separable. 
Trans acids were found to behave more like saturated acids than like their 
isomeric cis forms. Hydroxy acids also were readily separated from both 
saturated and unsaturated acids (26). 

Adsorption analysis, liquid-liquid extraction and crystallization were all 
employed by Dutton, Lancaster & Brekke (27) in determining the glyceride 
composition of soybean oil. They interpret their data as evidence that the 
glyceride composition of soybean oil does not follow the elementary concep- 
tion of ‘‘even”’ distribution. For example, fractions were isolated by the three 
fractionation methods with iodine values lower than would be possible in 
“even”’ distribution. Further, the data indicated the occurrence of disatu- 
rates and dilinolenin, neither of which would be possible with ‘‘even’’ dis- 
tribution of the fatty acids present in soybean oil. 

Countercurrent liquid-liquid distribution was used by Scholfield, 
McGuire & Dutton (28) in the fractionation of the alcohol-soluble and alco- 
hol-insoluble portions of corn oil phosphatides. The alcohol-soluble portion 
was found to contain lecithin and a small amount of cephalin. In addition 
to the phosphatides, a nitrogen-containing compound was concentrated 
along with a small amount of sugar. As with the corresponding alcohol-in- 
soluble fractions from soybean phosphatides, two major types of phos- 
phoinositides were found. The phosphorus to nitrogen and phosphorus to 
inositol ratios varied widely and did not approximate two as in soybean inosi- 
tides. 

Chemical methods—The hydroxamic test, based on the conversion of 
esters to hydroxamic acids which form red complexes with ferric iron, has 
been adapted by Thompson (29) for the estimation of volatile fatty acid 
esters. The absorption spectra of the ferric hydroxamate complexes from 
all the esters show maximum absorption at 520 mu. Hence a mixture of esters 
may be estimated in terms of one of them. Buckles & Thelen (30) have found 
the hydroxamic test to give satisfactory results in the qualitative determina- 
tion of simple carboxylic esters, and also with polymeric esters and with 
glycerides of the fatty acids. 

Taufel (31) has proposed a method for the combined determination of 
saponification and Reichert-Meisl values, in which the fat is saponified and 
titrated as in the regular saponification number determination, and then 
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the soap is freed of alcohol, dissolved in water, and the Reichert-Meisl 
value determined by the usual method. Fitelson (32) developed a new oxida- 
tive method for the determination of saturated fatty acids. The method is 
based upon the non-disruptive oxidation of the unsaturated acids by 
performic acid, extraction of the oxidized mixture with petroleum ether, 
and finally chromatographic separation of the saturated acids. 

A modified Rosenmund-Kuhnhenn method which, with one easily pre- 
pared and stable reagent, gave consistent and reproducible iodine numbers 
in 1 min. with a number of common fats and oils has been reported by 
Benham & Klee (33). This modified method has been applied to conjugated 
systems by the same authors (34), the only difference being that the reac- 
tion time was extended to 30 to 120 min., depending upon the sample weight 
and the excess of reagent used. Hussain & Dollear (35) have described the 
construction and use of nomographic charts for the calculation of fatty acid 
compositions from iodine and thiocyanogen values. 

Pohle & Mehlenbacher (36) have modified and improved the periodic 
acid method for the quantitative determination of monoglycerides and 
have added a method for estimating free glycerol in fatty products. The new 
method eliminates the danger of secondary reactions due to elevated tem- 
perature, provides good contact for reaction between the sample and the 
reagent, and facilitates the removal of the free glycerol. Kummerow & 
Daubert (37) have indicated that the periodate method is not specific for 
monoglycerides in natural fats and oils. 


OXIDATION IN LIPIDS 


Effect on dietary nutrients—One of the more insidious effects of rancidifi- 
cation of fatty or fat-bearing materials is all too often overlooked or ignored 
by biochemists and nutritionists in planning certain phases of their research 
and in interpreting their data. For example, the reviewer recently had called 
to his attention an experiment conducted with small laboratory animals 
by a highly-respected biochemist, the results of which were being interpreted 
as Casting suspicion on a specific class of edible fats. The fat used in the ex- 
perimental diets had at no time been analyzed for peroxides. Subsequent 
analysis showed the fat to contain more than 40 m.eq. of peroxide per kilo- 
gram of fat. Not only would this quantity be sufficient to destroy a large 
proportion of the easily oxidized nutrients in a typical experimental diet 
in which this fat was mixed, but it indicates that the fat was in a very un- 
stable state and would rapidly peroxidize further. It has been the reviewer’s 
observation that even relatively stable fats peroxidize unusually rapidly 
when mixed in a typical synthetic diet, and special precautions must be 
taken to prevent this from occurring and causing anomalous experimental 
results. The insidious oxidative destruction of specific nutrients has been 
demonstrated in a number of recent reports in the literature. 

Halverson & Hart (38) added cod liver oil to ground white corn and to 
a mixed ration. Storage of these for three months at 33° to 36°C. in gas 
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tight containers resulted in destruction of 40 per cent of the vitamin A. 
More rapid destruction was induced by adding minerals (iron, copper, cobalt, 
manganese) but this could be prevented by adding them in a dried gelatin- 
mineral mixture. Holman (39) studied the coupled oxidation of crystalline 
vitamin A acetate in highly purified methyl] linoleate and found that it was 
virtually destroyed before even 10 per cent of the linoleate carrier was oxi- 
dized. This clearly emphasizes the importance of protection of vitamin A- 
bearing oils from even traces of oxidation. The products from the coupled 
oxidation of vitamin A acetate were spectrally similar to those obtained by 
autoxidation of the acetate. The course of the oxidation of linoleate was 
also unaffected by the presence of the vitamin A acetate. 

Thompson (40) observed that alfalfa meal lost 46 per cent of its carotene 
in 112 days at 25°C. Derivatives of 2,2,4-trimethyl-1,2-dihydroquinoline; 
2,5-disubstituted hydroquinones; and p-substituted phenylenediamines 
were effective in stabilizing the carotene, but even with the best of the anti- 
oxidants at 0.125 per cent concentration, 30 to 35 per cent of the carotene 
was destroyed after seven months at 25°C. Metal deactivators failed to 
give any increased stability. Mitchell & Silker (41) observed that expeller 
soybean meal and cottonseed meal mixed in 1:1 ratio with alfalfa-meal ex- 
erted appreciable stabilizing influence on the carotene, whereas solvent meals 
were low in stabilizing activity. Hops and linseed meal were detrimental. 

In a study of the stability of carotene solutions toward enforced oxidation 
McGillivray (42) noted that in paraffin solutions containing less than 50 yg. 
per ml. the rate of oxidation of the carotene was proportional to the logarithm 
of concentration. He found that the estimation of vitamin A in the presence 
of oxidized carotene by direct spectroscopic measurement was possible, 
provided a suitable correction was supplied. Wendler, Rosenblum & Tishler 
(43) found that the oxidation of B-carotene can proceed to a major extent 
at those unsaturated centers which are least substituted and sterically most 
accessible. On oxidizing 8-carotene with hydrogen peroxide-osmium tetroxide 
they obtained vitamin A aldehyde, B-ionylidene-acetaldehyde, and 2,7- 
dimethyloctatrienedial in the reaction products. The vitamin A aldehyde was 
found to possess biological activity approaching that of vitamin A, and 
could be converted to vitamin A by reduction with lithium aluminum hy- 
dride. 

Kunkel & Nelson (44) observed that a-tocopherol inhibited the decolori- 
zation of both bixin and carotene until the end of an induction period, after 
which the carotenoid was rapidly destroyed. Bixin exhibited an antioxygenic 
effect in the early phases of light-catalyzed oxidation of methyl linoleate and 
acted synergistically with a-tocopherol to enhance its antioxidant activity. 
In photooxidation of the tocopherol-linoleate system, carotene produced an 
increased rate of oxygen uptake during the induction period. 

Prooxidants and antioxidants.——It has long been known that many 
metals stimulate the rate of oxidation of fats and fatty acids. Skellon (45) 
has recently investigated the influence of a large number of metal cations 
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on the catalytic oxidation of oleic acid over a wide range of conditions. He 
found that a high catalytic activity could be associated with those metals 
in which the inner group of electrons is incomplete, and that high poly- 
valency was not indispensable for good catalytic activity. To counter the 
deleterious effect of metals, Morris et al. (46) evaluated a number of com- 
pounds including known synergists, amino acids, and amines as deactivators 
for copper, iron, nickel, and tin in lard. Some were effective against copper, 
but relatively poor for iron; citric acid was more effective against iron and 
nickel than against copper. Ascorbyl palmitate, potassium ascorby! palmi- 
tate, and ascorbic, tartaric, citric, and phosphoric acids were the most effec- 
tive. It was proposed that this deactivation may in part explain the syner- 
gistic effect of these compounds on phenolic antioxidants. The more powerful 
antioxidants were generally poor metal deactivators, and in the presence 
of traces of metallic prooxidants became relatively ineffective unless metal 
deactivators were also added. 

Chang & Watts (47) found that dry sodium chloride and concentrated 
solutions of sodium chloride were prooxidants in fat, but did not specifically 
affect the activity of solutions containing unsaturated fat oxidase (hemo- 
globin and muscle extract). Calcium chloride had a greater accelerating effect 
on fat oxidation than did sodium chloride, but potassium chloride had very 
little effect. On the other hand, Watts (48) found that certain polyphosphates 
were synergistic to antioxidants in aqueous fat systems. Orthophosphates 
were ineffective but antioxidant activity increased from pyrophosphate 
through tri- and heptaphosphate and finally the most active hexameta- 
phosphate and Maddrell’s salt. Relatively large concentrations of ortho- 
phosphates were found to interfere markedly with the antioxidant activity 
of citrate and the higher polyphosphates. The activity of the phosphates in 
dry fat did not parallel that observed in the aqueous fat systems. 

A relatively new antioxidant for food, butylated hydroxy anisole, was 
discussed recently by Dugan et al. (49) who pointed out that both alone 
and in combination with propyl gallate and citric acid it has proven useful in 
retarding rancidity in edible oils such as corn and peanut and in foods pre- 
pared in these oils. This compound was also effective in nuts and chicken 
fat and it also delayed rancidity and vitamin losses in cereal products such 
as dry dog feeds. Budowski et al. (50, 51, 52) have reported a rather extensive 
series of studies on the antioxidant long known to be present in hydrogenated 
sesame oil. This compound has been called sesamol and has been found to 
have marked antioxidant activity in both lard and vegetable oils. The Villa- 
vecchia test was adapted for the quantitative determination of free, bound, 
and total sesamol in refined, crude, bleached, and deodorized sesame oil. 
Four crude oils had 0.13 to 0.17 per cent total sesamol, nearly all of which 
was present in the bound form. Hydrogenation of sesame oil produced a 
progressive liberation of free sesamol and a corresponding decrease in the 
bound form until at shortening consistency it practically all existed as free 
sesamol. Bleaching also increased the quantity of free sesamol, while deodori- 
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zation removed it, probably by distillation. It was concluded on the basis 
of the experimental data that sesamol is probably not the only factor re- 
sponsible for the stability of hydrogenated sesame oil. 

Mechanism and products of oxidation.— Considerable interest is still being 
directed toward an elucidation of the mechanism of fat oxidation and identi- 
fication of the multiplicity of intermediate and end products of the reaction. 
Skellon (53) investigated the formation and decomposition, or transition, 
of hydroperoxides during the autoxidation of purified oleic acid under vari- 
ous conditions. Ultraviolet light alone caused little or no direct hydroper- 
oxide formation when the acid was exposed in a closed quartz cell or in ben- 
zene solution. In the presence of air and limited humidity, small amounts of 
peroxide slowly developed. Aerial oxidation of the oleic acid at room tem- 
perature under strong ultraviolet light resulted in a rapid formation of 
hydroperoxide, which then underwent transition or decomposition. Catalytic 
autoxidation of the acid, as with the methyl esters, resulted first in an in- 
creased rate of peroxidation as the temperature increased, but hydroperoxide 
transition also increased so that at higher temperatures the maximum 
amount of peroxide was much smaller. 

Paquot & de Goursac (54) oxidized long chain saturated fatty acids and 
their esters with oxygen at 100°C., using as catalysts either 1 per cent of 
nickel phthalocyanine or 20 per cent of the sodium and potassium soaps 
of the fatty acids being oxidized. The principal oxidation products found 
were lower fatty acids containing even numbers of carbon atoms. The 
lower acids oxidized with more difficulty than acids of high molecular weight. 
The results of these authors indicated that the autoxidation of saturated 
fatty acids was effected through 6-oxidation; the isolation of small amount 
of lactones in the oxidation products pointed to some y- and 6-oxidation. 

Ellis (55) oxidized elaidic and oleic acids in the presence of the corre- 
sponding cobalt salt by exposure of thin films to oxygen at relatively low 
temperatures (48 to 100°C.) for long periods of time (8 hr. to 19 days). 
The evidence indicated that an oxygen intake of over 20 per cent was 
required before there was a marked falling off in the rate of autoxidation, 
which corresponds to four atoms of oxygen per mole of elaidic or oleic acid. 
Autoxidation at about 100°C. yielded (a) a small proportion of the epoxy 
acid and an appreciable proportion of the monoacy] esters derived from it, 
and the scission products suberic, azelaic, heptane- and octane-1-carboxylic 
acids; (b) a predominating proportion of the colored resinous polymers of the 
a8-unsaturated keto acids, which latter were, as a consequence, reduced to 
a small yield. There was also present an appreciable amount of an apparent 

mixture of isomeric dimerides of the a6-unsaturated keto acids. At 65°C. the 
same products were formed, but the colored polymers were less and the sup- 
posed dimerides were more abundant. Autoxidation at 50°C. yielded the 
aB-unsaturated keto acids (cis- or trans-heptadec-8-en-7-one-1-carboxylic 
acids and cis- or trans- heptadec-8-en-10-one-1-carboxylic acids). There 
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was present about 5 per cent of the epoxy acid, but little or no monoacy] 
ester, colored resinous oils, or scission products. At all the above tempera- 
tures the products gave evidence for the presence of B-ketonic acids. 

The infrared absorption spectra of autoxidized methyl linoleate samples 
ranging in peroxide values from 1 to 940 m.eq. per kg. were examined by 
Dugan, Beadle & Henick (56). The principal changes were found to occur in 
the frequency range 3,400 to 3,550 cm. where bonded hydroxy! groups ab- 
sorb and at 1,650 to 1,775 cm. where carbonyl groups absorb. Two maxima 
were observed in the hydroxyl range, one sharp and distinct at 3,467—70 
cm.—! which increased in intensity with increasing peroxide values, and a 
broad band which increased with peroxide value until it resolved into a true 
maximum at 3,430 cm.—!. Reduction of typical oxidized samples with potas- 
sium iodide reagent resulted in the disappearance of the 3,430 cm. band and 
the appearance of a new band above 3,500 cm.—'. The band at 3,430 cm.“ was 
attributed to —OOH groups associated by hydrogen bonding. The band at 
3,467 cm. and that appearing above 3,500 cm. were attributed to hydroxy] 
groups, that at higher frequency resulting directly from the reduction of 
hydroperoxides. Absorption due to ketone and aldehyde carbonyl! groups 
appeared only as an indefinite shoulder on the band due to ester carbonyl. 
These were resolved and indicated the presence of two and possibly three 
carbonyl-containing substances other than ester carbonyl in the autoxidized 
methy! linoleate. 

Wilbur, Bernheim & Shapiro (57) observed that when the oxidation of 
methyl linolenate was catalyzed by ascorbic acid, mercapto compounds, or 
ultraviolet light a compound was produced which reacted with thiobarbituric 
acid to give a characteristic color. At pH 6.0 the intensity of the color was 
about 16 times greater after ultraviolet irradiation than after catalysis with 
ascorbic acid or mercapto compounds, and amounts of the order of 0.2 mg. 
of methyl linolenate per milliliter could be detected. Under the same condi- 
tion, linoleate produced very much less color and arachidonate only produced 
color after irradiation but not when catalyzed with ascorbic acid or mercapto 
compounds. It is not yet known what compound was responsible for the 
colors, which can be produced by certain aliphatic aldehydes and sugars. 
The color given by glyoxylic acid most closely approximated that given by 
the oxidized linolenate. 

Brekke & Mackinney (58) collected the steam distillates from rancid 
corn and avocado oils in 2,4-dinitrophenylhydrazine solution. They found 
that the complex mixture of derivatives obtained were readily separated by 
adsorption on anhydrous magnesium sulfate. The distillate from corn oil 
yielded at least five and that from avocado at least six different derivatives 
whose absorption spectra were characteristic of typical A2-enals, A2,4- 
dienals and saturated aldehydes. Stapf & Daubert (59) identified A2,4- 
decadienal and acetaldehyde in the deodorizer distillate from soybean oil on 
the basis of physical and chemical data. From the deodorizer distillate of 
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hydrogenated soybean oil Schepartz & Daubert (60) isolated as the 2,4- 
dinitrophenylhydrazones and identified maleic dialdehyde, di-n-propy| 
ketone, and 2-heptenal. 


ISOLATION OF NEw Fatty Acips AND RELATED COMPOUNDS 


A number of interesting and unusual fatty acids and related compounds 
have recently been isolated from natural sources. Lighthelm & Schwartz 
(61) isolated a conjugated acid from ximenia caffra oil which on the basis of 
chemical and spectroscopic data, appeared to be an 18 carbon acid contain- 
ing a double and a triple bond either in conjugation with one another or one 
of them in conjugation with the carboxyl carbonyl group. They named this 
new compound xymenynic acid. When Davis, Conroy & Shakespeare (62) 
mixed tung oil with an anion-active ion exchange resin they recovered a 
small fraction by elution of the resin with alkali and extraction of the acidi- 
fied eluate with carbon tetrachloride. Storage of this fraction at 5°C. re- 
sulted in separation of an oil and a crystalline product. The latter was 
identified as 9,14-dihydroxy-10,12-octadecadienoic acid. Crossley & Hilditch 
(63) identified an unusual short chain component of the mixed fatty acids 
of stillingia oil (from the seeds of Sapium species) to be 2,4-decadienoic 
acid, a homologue of sorbic acid. Its ultraviolet absorption spectrum re- 
sembled that of sorbic acid, with a maximum at 260 my for.the acid and 264 
my for the ester. 

In connection with studies on the relation between biotin and fatty acids, 
Hofmann & Lucas (64) investigated the chemical nature of the fatty acids of 
Lactobacillus arabinosus. They obtained a methyl ester fraction boiling at 
187 to 188°C. at 3 mm. of an optically active, branched chain fatty acid 
(m.p. 28 to 30°C.). Its x-ray diffraction pattern indicated an 18 carbon 
chain length, but the pattern was clearly distinguished from those of the 
known 18 carbon atoms. The following structure was proposed as a working 
hypothesis to explain the experimental results: 


CH;(CH:2),—CH—CH—(CH2),—COOH_ where x + y = 14 
™ P 
CH; 


Further work on the exact location of the cyclopropane ring as well as 
synthesis of acids of this general structure is underway. Whyte & Hengeveld 
(65) have shown that sugar cane oil from Cuban cane contained fatty acids, 
heptane-insoluble acids, sterols, resinous hydrocarbons and alcohols, glycerol 
and sugars. The hexane-insoluble acids, which were believed to be hydroxy 
acids, were unstable to heat and polymerized during distillation. 

Jones et al. (66) isolated a white waxy crystalline substance in high yield 
from the alcohol extracts of fresh hog pancreas which they identified as 
a-monopalmitin on the basis of a variety of chemical and physical tests, 
including x-ray analysis, saponification to palmitic acid and glycerol, and 
preparation of derivatives. These workers developed a simple isolation pro- 
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cedure which yielded crystalline a-monopalmitin to the extent of 1.1 to 1.3 
per cent of the weight of the fresh pancreas tissues. The total content of a- 
monoglycerides of hog pancreas as estimated by periodic acid assay was 1.7 
to 1.9 per cent. In contrast, the a-monoglyceride content of brain, adrenal 
and liver was found to be 0.11 per cent or less. The evidence indicated that 
the a-monopalmitin was a significant constituent of living pancreas and was 
not the result of post mortem enzymatic changes. 


SYNTHESIS AND REACTIONS OF FaTTry AcIDS AND RELATED COMPOUNDS 


Taylor & Strong (67) have reported a general method for the synthesis 
of unsaturated acids by condensing an alkylacetylene with an iodochloride 
and converting the product into the olefinic acid via the nitrile and partial 
hydrogenation. Seven monoethylenic straight chain fatty acids containing 
from seven to fourteen carbons were synthesized in this manner. Efforts to 
extend the synthesis to doubly unsaturated acids of the linoleic acid type 
and to petroselinic acid have been unsuccessful. Raphael & Sondheimer (68, 
69) succeeded in synthesizing linoleic acid by way of a new method for 
the synthesis of 1:4 diacetylenes. By this procedure, heptadeca-8: 11-diyne-1- 
carboxylic acid was prepared which, on catalytic partial hydrogenation, 
yielded a product containing 63 per cent of linoleic acid, presumably cis, cis. 
Its tetrabromostearic acid exhibited no melting point depression with a 
sample prepared from natural linoleic acid, and yielded linoleic acid on 
debromination. 

Ames, Bowman & Mason (70, 71, 72) have synthesized myristic, stearic, 
n-tricosanoic, erucic, brassidic, and 7-keto-5-methyl-octanoic acids. The 
di (+) and (—) forms of 15-methylocta-decanoic acid have been prepared 
by Cason & Coad (73) by use of the keto ester synthesis. This work confirmed 
the observation that optical rotation due to a methyl substituted carbon falls 
off rapidly as the methyl becomes more remote from the end of the chain. 

Grummitt & Siedschlag (74) obtained 12-ketostearic acid in 78 per cent 
vield from castor oil by methanolysis to methyl ricinoleate, reduction to 
methyl-12-hydroxystearic, and oxidation to the 12-ketostearate. A practical 
procedure for the synthesis of the higher B-keto acids was developed by 
Mitz, Axelrod & Hofmann (75) and applied to a number of these com- 
pounds. It was found that methyl-3-keto-11-eicosenoate prepared by this 
method was as active as methyl oleate in replacing biotin in the nutrition 
of L. arabinosus. Ellis (76) obtained cis-11-ketoheptadec-8-ene-1-carboxylic 
acid and its trans isomer by the chromic acid oxidation of ricinoleic and ricin- 
elaidic acids. When triolein was partially hydrogenated under conditions 
which gave rise to relatively large amounts of iso-oleic acids, Benedict & 
Daubert (77) identified elaidic and trans-8-octadecenoic acids in the reaction 
products. Partial oxidation of the latter gave 8,9-dihydroxystearic acid, 
m.p. 128°C. 

In an investigation of the esterification reaction, Othmer & Rao (78) 
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found that butyl alcohol and oleic acid, in the presence of sulfuric acid as a 
catalyst, reacted rapidly to give a yield of 90 per cent n-butyl oleate in 30 min. 
at 100 to 150°C. After a yield of 90 to 99 per cent, side reactions and re- 
verse reaction predominated, and the yield began to fall. Kuhrt, Welch & 
Kovarik (79) prepared monoglyceride concentrates of relatively high purity 
by the molecular distillation of equilibrium reaction mixtures containing 
about 40 to 45 per cent monoglycerides. The distilled fractions, which were 
free of catalyst, contained more than 90 per cent monoesters. It was found 
that the interfacial tension lowering of a monoglyceride preparation is essen- 
tially proportional to its monoester content; very little lowering appeared 
to be due to diglycerides in the preparations. Feuge & Gros (80) increased 
the concentration of monoglycerides in reaction mixtures to as much as 
80 per cent by distribution between hexane and aqueous alcohol and as 
high as 92 per cent by crystallization from aqueous alcohol. The yields by 
these latter methods were relatively low as compared with the high yield 
obtained by molecular distillation. 

Schlenk & Holman (81) have demonstrated that the unsaturated fatty 
acids form complexes with urea. The degree of unsaturation, position of the 
double bonds, and cis or trans configuration did not markedly influence the 
composition of the complexes, which were remarkably resistant to autoxida- 
tion. Naudet (82) condensed amino acids with fatty acid chlorides in alkaline 
solution and obtained condensation products which were somewhat stronger 
acids than the fatty acids and were good detergents. 

By subjecting synthetic /-a-lecithins, /-a-phosphatidic acids, J-a-glyceryl- 
phosphorylcholine, and /-a-glycerophosphoric acid to treatments custom- 
arily used in the hydrolysis of phosphatides, Baer & Kates (83) obtained 
evidence that a reversible migration of phosphoric acid occurs during degra- 
dation of lecithin with either acid or alkali, resulting in the formation of 
both a@- and 8-glycerophosphoric acids. a-Phosphatidic acids and a-glycero- 
phosphoric acid did not undergo migratory changes in alkaline solution but 
did so in acid. The rates of liberation of choline and of fatty acid from the 
synthetic a-lecithin in alkaline solution suggested that in alkali the hydrolysis 
proceeded mainly via the glycerylphosphorylcholine and to a lesser extent 
by way of the phosphatidic acid. The migrations described were believed to 
invalidate the evidence generally accepted as proof of the occurrence of 
B-lecithin in nature. 
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THE CHEMISTRY OF AMINO ACIDS AND 
PROTEINS 


By K. BAILEY AND F. SANGER 
Biochemical Laboratory, Cambridge, England 


In writing the present review, we have been painfully aware that the 
space allotted does not permit us to include all aspects of protein chemistry, 
nor indeed to comment on all the papers relating to aspects which are in- 
cluded. Some subjects which need specialist treatment are either omitted or 
given in outline. Others are given a greater emphasis simply because they are 
more familiar to the reviewers. Subjects relating to chromatography, anti- 
biotics, proteolytic enzymes, and structural studies are considered elsewhere 
in this volume. 

New amino acids.—The widespread application of paper chromatography 
has made possible the detection of all the amino acids present in protein 
hydrolysates and biological fluids. No new amino acids have been revealed in 
the proteins of higher organisms since the introduction of the method, and it 
would seem very probable that only the 21 well known amino acids occur in 
these proteins. However, a number of new amino acids have been detected in 
the proteins of microorganisms and in the free state in higher organisms. In 
an investigation of the proteins of Corynebacterium diphtheriae, Work (1, 2) 
detected two unidentified spots on a paper chromatogram of a hydrolysate 
of the bacterial protein. One of these (spot 17) was ionophoretically neutral, 
but was retained with the acid fraction on chromatography with acid alu- 
mina. In this way it could be obtained in a pure form and was identified as 
a,¢e-diaminopimelic acid by comparison of the dibenzoyl derivative with 
synthetic material (3). It represents about 4 to 8 per cent of the insoluble 
protein of the bacteria and appears to be present in several different species. 
It has also been detected (4, 5) as a constituent of a lipopolysaccharide iso- 
lated from Mycobacterium tuberculosis. This polysaccharide complex contains 
a small peptide moiety which on hydrolysis gives the amino acids alanine, 
glutamic acid, and diaminopimelic acid. The other unknown ninhydrin-re- 
acting substance (spot 23) present in the proteins of C. diphtheriae has been 
purified as the phosphotungstate. It is basic, but appears not to be an 
a-amino acid, since it does not form a copper complex (2). 

On paper chromatograms of a number of biological fluids (1, 6, 7) a spot 
has frequently been detected which moved with the same Ry values as 
-aminobutyric acid. This has now been formally identified by a number of 
workers. Reed (8) isolated it from yeast by starch chromatography and 
identified it by comparison of its infrared spectrum and x-ray diffraction pat- 
tern with synthetic y-aminobutyric acid. It was isolated by Westall (9) from 
beetroot using displacement chromatography on an ion exchange resin. 
Roberts & Frankel (10) have reported its presence in protein-free extracts 
of brain using the isotopic indicator technique. 
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Gordon (11) reported an unknown spot on paper chromatograms of the 
intracellular fluid of calf embryo muscle. An eluate of the spot contained 
phosphate and on hydrolysis gave an amino acid which was identified by 
paper chromatography as hydroxylysine. The substance was tentatively con- 
cluded to be hydroxylysine phosphate. 

A spot with Rr values corresponding with those of a-aminobutyric acid 
has been reported from a number of tissues (1, 6, 11) but it has not been un- 
equivocally characterised. 

Amino acid syntheses—The use of amino malonic ester derivatives for 
amino acid syntheses is now becoming a well established and generally use- 
ful method. Atkinson & Scott (12) have prepared valine from isopropyl 
bromide and acetamino malonic ester in 85 per cent yield, and Hellmann (13) 
obtained a 90 per cent yield of tryptophan using formamino malonic ester 
and diethyl amino methyl indole. A new method of synthesis which makes use 
of the Mannich reaction has been described by Butenandt & Hellmann (14), 
who have used it for the synthesis of tryptophan (15). Plieninger (16, 17, 18) 
has made use of y-butyrolactone for the synthesis of certain amino acids. 
Methionine was prepared via a-amino-y-butyrolactone which was treated 
with methyl mercaptide (16). 6-Hydroxy-a-amino valeric acid, which readily 
forms proline, may be prepared from the product of the reaction of oxalic 
ester with y-butyrolactone (17). A synthesis of tryptophan from y-butyro- 
lactone by means of the phenylhydrazone method of Fischer was also de- 
scribed (18). 

Cystathionine, which is an important intermediate in the metabolism of 
the sulphur-containing amino acids, was prepared by Schéberl & Wagner 
(19); homocysteine was condensed with a-acetamino acrylic acid, which was 
obtained from pyruvic acid. 

Proline has always been a difficult amino acid to synthesize, partly due 
to its solubility in alcohol, which makes the final isolation difficult. Albert- 
son & Fillman (20) have described a new method of synthesis from malonic 
ester and acrylonitrile, which gives a 20 per cent overall yield of pure proline. 

Hems and co-workers (21, 22) have found a new method for synthesising 
thyroxine, which is mainly dependent on a simple technique they have in- 
troduced for the preparation of 2,6-dinitrodiphenyl ethers. By slight modifi- 
cation of the method it was possible to prepare L-thyroxine from L-tyrosine 
(23). A number of derivatives of pL-thyroxine have also been prepared (24). 
Lemmon, Tarpey & Scott (25) have described methods for the preparation 
on a microgram scale, of monoiodotyrosine, diiodotyrosine, and thyroxine, 
labelled with I'*!;paper chromatography is used to purify and identify the 
products. The first two compounds were prepared by iodination of tyrosine; 
thyroxine was prepared from normal thyroxine by an exchange reaction with 
inorganic iodide. 

Resolutions —Greenstein and co-workers (26, 27) are continuing their 
studies on the use of crude enzyme preparations for the resolution of amino 
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acids. Lysine, norleucine, norvaline, and a-aminobutyric acid may be resolved 
by the action of kidney preparations on their chloroacetyl derivatives (26), 
and alanine, histidine, and S-benzyl cysteine by the action of liver or kidney 
preparations on the racemic amides (27). Wretlind (28) has resolved 
pL-phenylalanine by asymmetric hydrolysis of the isopropyl ester using an 
enzyme preparation from the pancreas. Methods of this type, which are 
now applicable to all the naturally-occurring amino acids, except arginine, 
proline, and hydroxyproline, compare very favourably with the older tech- 
niques of chemical resolution. Less work is involved and good yields of opti- 
cally pure products are obtained. 

Chemistry of amino acids——The agreed standard of reference by which 
configurations of carbohydrates are expressed is glyceraldehyde, whereas 
that for amino acids is serine. Indirect evidence suggested that L(-)-glycer- 
aldehyde was configurationally related to the naturally occurring form of 
serine but direct proof was lacking. This has now been provided by Brewster 
et al. (29), who demonstrated a five-stage genetic route between the two com- 
pounds. 

Glycine has been known for some time to give more than the theoretical 
volume of gas in the Van Slyke amino nitrogen determination. This reac- 
tion has been studied in some detail by Austin (30), who explains his results 
on the assumption that the primary reaction product is a substance, probably 
the carbonium ion tCH.CO,-, which reacts with water to give glycollic acid, 
with chloride ions to give chloroacetic acid and with nitrite ions to give nitro- 
acetic acid. This latter may either be decomposed to carbon dioxide and 
nitromethane or may react with more nitrous acid to give methylnitrolic 
acid, which may decompose to a variety of products including N20, Ne, COs, 
HCOOH, HCNO, etc. 

Hydroxylysine has for some time been assumed by analogy with lysine 
to be a,¢e-diamino-6-hydroxy caproic acid, but there was no direct proof 
of this structure. This has now been supplied by two sets of workers (31, 32) 
and the structure confirmed by synthesis (33). It was the last of the com- 
monly occurring amino acids whose structure was still uncertain, so that 
we may now say that the structures of all the amino acids are definitely 
established. Streehan & Bolhofer (34), in their work on hydroxylysine, de- 
scribed an improved method for isolation and determined its structure by 
oxidation of the diphthaloyl derivative which gave a,¢-diphthalimido-6-keto- 
caproic acid (31). This substance was synthesised from glutamic acid by an 
unambiguous method and was reduced to hydroxylysine (33). Further, 
though rather less direct, evidence for the structure was obtained by Berg- 
strém & Lindstedt (32). 

Elliott (35) has made a detailed study of the stereochemistry of the 
oxazoline derivatives of threonine, and has worked out a method for the 
interconversion of all the four stereoisometric forms of a-amino-$-hydroxy 
butyric acid. Inversion at the B-carbon atom was brought about by the 
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cyclisation of the benzoyl derivative with thionyl chloride, and the two 
cis oxazolines were converted to the trans derivatives by mutarotation at 
the a-carbon atom in ethanolic sodium ethoxide solution. 

The toxic factor found in nitrogen trichloride treated flour has now been 
obtained in a pure form by three groups of workers (36, 37, 38). Chemical 
work indicated that it was a derivative of methionine from which it dif- 
fered only in the presence of an extra hydrogen, nitrogen, and oxygen atom 
(39, 40, 41). It was shown by synthesis to be a new type of compound, a 
sulphoximine, in which the S of methionine was present as O-—St*—-NH- 
(42, 43, 44). 

Peptide synthesis.—Fruton has recently reviewed this subject (45) in a 
comprehensive article which should become a valuable reference work. 
During the past twenty years, the carbobenzoxy method has played the 
predominant role and is still the most generally useful technique for peptide 
synthesis, the chief disadvantage being that the method is rather laborious, 
requiring the isolation of several intermediates for every amino acid residue 
introduced. At present a number of new methods are being developed which 
may prove to be of general value. 

Stevens & Watanbe (46) have suggested the use of the carboallyloxy 
group instead of the carbobenzoxy group. Carboallyloxy derivatives crystal- 
lise easily and the acid chloride is more stable and can be kept longer than 
carbobenzoxy chloride. 

A method using the phthaloy! group to protect the amino group in peptide 
synthesis appears to have been worked out independently by three sets of 
workers (47, 48, 49). It is readily introduced by treatment with phthalic 
anhydride at high temperatures, and can be removed by the action of 
hydrazine without any rupture of peptide bonds. A number of simple peptides 
have been prepared by this method (48, 49). It is especially useful for the 
preparation of -peptides of glutamic acid (47), since, in contrast to the car- 
bobenzoxy derivative, phthaloyl glutamic anhydride reacts with ammonia or 
amino acids to give a y-glutamy] derivative almost exclusively. In this way 
glutamine, and y-Glu-Glu' were readily prepared. The method can also be 
used for the preparation of peptides containing cysteine (48). 

All the possible isomeric di- and tri- peptides of glutamic acid have been 
synthesised in connection with the preparation of folic acid derivatives (50, 
51). In the earlier papers, the methods of Bergmann & Zervas (52), which 
make use of the reactions of carbobenzoxy glutamic acid anhydride, were 
used. More recently a new method involving pyrollidone carboxylic acid has 
been devised (50). To prepare a-glutamyl peptides, pyrollidone carboxylic 
acid was coupled through the ester and azide to a suitable amino acid ester, 
and it was found possible to open up the pyrollidone ring without splitting the 
peptide bond. y-Glutamyl peptides were prepared from the amide of pyrol- 


1 To describe the structure of peptides, the abbreviations for the amino acid 
residues suggested by Brand & Edsall [Ann. Rev. Biochem., 16, 224 (1947)] have been 
used. 
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lidone carboxylic acid, which, on treatment with alcohol, gives the y-ester 
of iso-glutamine. If the a-amino group is blocked the ester may then be con- 
verted to an azide which is coupled to an amino acid ester. These methods of 
synthesis are unequivocal, and thus a decided advance on the carbobenzoxy 
glutamic anhydride method in which a certain amount of both a- and 
y-glutamyl derivatives is produced in each reaction. The carbobenzoxy 
method has, however, been used by Le Quesne & Young (53, 54) to prepare a 
number of glutamic acid peptides. The a-glutamy! peptides could be sepa- 
rated from the y-isomers by fractional extraction in sodium carbonate since 
y-glutamyl peptides are somewhat more acidic than a-glutamyl peptides. 

The synthesis of glycyl peptides using 2-thio-5-thiazolidone has been 
described by Cook & Levy (55). A preparation of 2-thio-5-thiazolidone may 
be obtained by the action of carbon disulphide on glycine amide followed 
by cyclisation in acid. It may be condensed with an amino acid ester under 
mild conditions to form the salt of the dithiocarbamate of a peptide ester 
which, on acidification, yields the dipeptide ester. This is a simple method 
for preparing glycyl peptides, but less satisfactory results were obtained 
when it was attempted to prepare peptides of other amino acids from the 
corresponding 4-substituted thiothiazolidones (56). In this case, the ring was 
more stable and although it could be opened to give the dithiocarbamate it 
was to a certain extent reformed on acidification. Some alanyl peptides could 
be made by this method, but it would seem that the use of the more labile 
N-carboxy anhydrides (2,5-oxazolidinediones) may be a more hopeful ap- 
proach to the synthesis of this type of peptide. These derivatives have been 
frequently used to obtain high polymers by the Leuchs reaction, in which 
instance the amino group of the peptide formed is immediately available to 
react with another molecule of anhydride giving rise to a chain reaction. By 
carrying out the reaction under carefully controlled conditions with an amino 
acid or peptide ester, Bailey (57) was able to isolate the salt of the interme- 
diate carbamino compound, and by heating this could be decomposed to the 
dipeptide ester. This method should be a very useful and simple means of 
building up a peptide one residue at a time. The N-carboxy anhydrides may 
readily be prepared by heating the amino acid in phosgene (58). 

A notable achievement in synthetic chemistry is the preparation of the 
pentapeptide L-Val-L-Ornithyl-L-Leu-p-Phe-L-Pro by Harris & Work (59) 
using the carbobenzoxy method. This peptide is of interest since it contains 
the same amino acid sequence as is present in the cyclopeptide, gramicidin 
S. The tripeptide Leu-Phe-Pro was first prepared (60) and its ester was 
coupled with dicarbobenzoxy-valylornithyl chloride. 

The synthesis of peptides by condensation of substituted phosphates of 
amino acids with the amino group of another amino acid has been demon- 
strated by Chantrenne (61), who used pheny! phosphates, and by Sheehan & 
Frank (62), who used dibenzyl phosphates. This reaction, which takes place 
under physiological conditions, is chiefly of interest since it has been sug- 
gested that amino acid phosphates may be intermediates in protein synthesis. 
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Wieland (63) has prepared anhydrides of carbobenzoxy amino acids by 
the action of acetyl chloride. These may be used as condensing agents in 
place of the chloride or azide. 

Interest still continues in the preparation of high molecular polymeric 
peptides. Katchalski & Spitnik (64) have prepared a polyarginine. The N-car- 
boxyanhydride of 6-carbobenzoxy ornithine was allowed to polymerise and 
the 6-carbobenzoxy groups removed by reduction to give a polyornithine. 
Treatment of this with methylisothiourea gave polyarginine. Schramm & 
Thumm (65) studied the effect of heating the methyl ester of Ala-Gly-Gly. 
Disappearance of amino and methyl groups indicated that polymerisation 
took place, and from molecular weight determinations it was concluded that 
large cyclic polypeptides were formed. 

The possibility of synthesising high molecular polypeptides by the action 
of proteolytic enzymes at high pressures has been demonstrated by Bresler 
and co-workers (66, 67, 68). If an enzymatic hydrolysate of a protein was 
subjected to high pressures (about 6,000 atm.) in the presence of the enzyme, 
a high molecular product resembling a protein was synthesised. In most 
cases, the synthetic product differed from the original protein in solubility, 
etc., and was less homogeneous. However, it showed immunological cross- 
reactions with antiserum to the original protein, whereas the partial hydroly- 
sate did not. The synthesis of Gly-Gly and Gly-Gly-Gly was demonstrated 
in the presence of pancreatic juice. The mechanism of the reaction is ex- 
plained by Bresler & Glikina (67) on the basis of Le Chatelier’s principle, 
since the molecular volume of a peptide is less than that of the corresponding 
amino acids. 

Chemistry of peptides——An important application of partition chromatog- 
raphy has been the fractionation and identification of peptides from com- 
plex mixtures, so that it is now possible to obtain some information about 
amino acid sequence, which is one of the main unknown fields of protein 
chemistry. 

Consden & Gordon (69) have devised a method for identifying the amino 
acids attached to cystine residues in proteins. A neutral fraction is separated 
from a partial hydrolysate using an ion exchange resin, and this is then oxi- 
dised with bromine to convert the cystine residues to cysteic acid residues. 
A second fractionation on an ion exchange column then separates these acidic 
peptides from the remaining neutral peptides, thus giving a simple mixture 
of peptides suitable for separation by paper chromatography. In this way 
Consden & Gordon were able to identify a number of simple peptides present 
in wool. 

Synge (70) has used chromatography on starch to separate peptides from 
a partial hydrolysate of gramicidin and has identified p-Leu-Gly, L-Ala-p- 
Val, and L-Ala-L-Leu. 

Sanger (71) has extended the dinitrophenyl method to the separation of 
N-terminal? peptides of proteins: after partial hydrolysis of the dinitro- 


2 It is suggested that the terms N-terminal and C-terminal residue be applied to 
the amino acid residues bearing a free a-amino and a-carboxy! group respectively. 
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phenyl-protein, the dinitrophenyl peptides are extracted into an organic 
solvent and fractionated chromatographically. In this way, the terminal 
sequences Phe-Val-Asp-Glu and Gly-Ileu-Val-Glu-Glu were identified in 
insulin and from quantitative estimations of the peptides it was concluded 
that these were the only two present. It was also possible to identify peptides 
containing lysyl residues and it was shown that all the lysine in insulin was 
present in the sequence Thr-Pro-Lys-Ala. An inference from these results is 
that the component polypeptide chains of proteins have an invariable amino 
acid sequence, each molecule of one protein being identical with all other 
molecules of the same protein. 

An elegant method for the determination of the structure of peptides by 
stepwise degradation has been described by Edman (72, 73). The peptide is 
heated with phenylisothiocyanate to give an N-phenylthiocarbamy] deriva- 
tive. On treatment with hydrochloric acid in nitromethane the N-terminal 
residue is split off as a thiohydantoin, which can be hydrolysed and identified 
by paper chromatography, while the remainder of the peptide is insoluble 
and may be separated. The process can then be repeated to identify the next 
residue. The method has been applied successfully to synthetic peptides. 

Another method of stepwise degradation has been put forward by Levy 
(74). Here the peptide is converted to the thiocarbamate by reaction with 
carbon disulphide. The N-terminal residue can then be split off in acid solu- 
tion as a 2-thio-5-thiazolidone. This procedure has been applied to certain 
simple peptides, but has not yet been worked out on a microscale. 

Levy & Slobodiansky (75) have used the isotopic carrier technique with 
p-iodophenylsulphony! (pipsyl) chloride to estimate Gly-Gly, Ala-Gly, and 
Gly-Ala in partial hydrolysates of silk fibroin. Only small amounts of Gly- 
Gly were present, indicating that that sequence does not occur to a great ex- 
tent in spite of the high glycine content of silk fibroin. Ala~-Gly was present in 
large amounts, in some cases accounting for about half the total alanine 
present. From the results it was concluded that the residues are not arranged 
in a random fashion in the molecule and it was pointed out that a repeating 
unit X-Ala-Gly-Ala-Gly-X-Gly where X represents any amino acid other 
than alanine or glycine, would satisfactorily account for the results obtained. 

Another investigation that throws light on the structure of silk fibroin 
was reported by Drucker & Smith (76), who treated fibroin that had been 
“renatured” by the action of cupri-ethylenediamine with trypsin for a short 
time. A precipitate was obtained which had an average molecular weight 
of about 7,000 and contained only alanine, glycine, and serine. The remaining 
more bulky amino acids were left in solution. These results would suggest 
that either two different proteins are present or else that the molecule is 
built up of two types of sequences, one containing the three residues glycine, 
alanine, and serine only and the other with a more complicated structure. 

An interesting peptide has been isolated from a marine alga by Dekker, 
Stone & Fruton (77). On hydrolysis it gave only glutamic acid and ammonia 
in the ratio of 3/2 and most probably has the structure pyrollidonyl-a-glu- 
taminyl-glutamine. It was suggested that it occurs naturally as triglutamine, 
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the pyrollidine ring being formed from the N-terminal glutamine during 
isolation. 

Degradation of proteins ——An unusually specific type of hydrolysis has 
been demonstrated by Partridge & Davies (78), who showed, using paper 
chromatography, that when proteins are boiled with a weak acid such as 
acetic or oxalic acid, there is a preferential release of free aspartic acid into 
the solution before any other ninhydrin-reacting substances are liberated. 
This appears to be due to the catalytic effect of the ionising carboxyl group of 
aspartic acid, but the fact that free glutamic acid is not appreciably liberated 
suggests that steric factors also play an important part. 

The possibility of splitting a protein at the aromatic residues by photoly- 
sis in ultraviolet light has been considered by Mandl, Levy & McLaren (79, 
80), who showed that propionyl-phenylalanine and phenyl-propionyl- 
alanine could undergo photolysis with equal efficiency. In both cases, am- 
monia was the main nitrogenous end product, indicating that deamination 
also takes place. Kaplan, Campbell & McLaren (81) have shown that free 
tyrosine is liberated when insulin is irradiated. 

Methods of analysis.—The ideal method of protein analysis is that in 
which all the amino acids can be estimated in one sample of a hydrolysate 
with a minimum of chemical manipulation. The method of starch chromatog- 
raphy which has been carefully worked out by Stein & Moore (82) comes 
near to this ideal, and will probably be applicable as a routine procedure for 
protein analysis. Two other general micromethods of analysis which depend 
on entirely different principles are also available. In the pipsyl method of 
Keston & co-workers (83, 84), considerable difficulty was experienced due 
to mixed crystallisation of the pipsyl derivatives, but the application of the 
new indicator technique should overcome this. Microbiological methods, 
probably the most generally used techniques for amino acid assays, have 
recently been reviewed by Dunn (85), who emphasises the importance of 
thorough control of all variables, especially in the composition of the basic 
media. He reports the results of an experiment in which a control mixture of 
amino acids was given to six groups of workers to assay. Whereas one group 
obtained results which were between 98 and 104 per cent of the theoretical, 
others varied from 76 to 127 per cent. Agren (86) has described a microadap- 
tation of microbiological methods using the titration techniques introduced 
by Linderstrém-Lang and his co-workers. 

Moubasher et al. (87) has shown that amino acids may be quantitatively 
estimated from the ammonia evolved on reaction with peri-naphthindan-2,3, 
4-trione hydrate. The method of Pope & Stevens for estimating amino groups 
has been examined by Schroeder, Kay & Mills (88) who were able to obtain 
accurate results with all amino acids except histidine and cystine, and by 
Rauen, Leonhardi & Buchka (89) who showed that accurate results could 
only be obtained in a certain concentration range. Outside this range a sys- 
tematic error came into play. 

Markham & Smith (90) have pointed out that purines on heating in 
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strong acid give rise to glycine, which may cause errors in glycine analyses. 

Lohr (91) has estimated isoleucine by oxidation with ninhydrin to the 
aldehyde and separation of the 2,4-dinitrophenyl hydrazone on an alumina 
column, 

Holter & Lgvtrup (92) have used the Cartesian diver technique to esti- 
mate sulphur-containing compounds by the nitrogen produced from the 
iodine-azide reaction. The method may be applied to the sulphur-containing 
amino acids. Kolthoff & Stricks (93) estimate cysteine by a conductivity 
method which makes use of the reaction between cysteine and silver. 

Gordon & Mitchell (94) have made use of the green fluorescence pro- 
duced with perchloric acid to estimate typtophan. Spies & Chambers (95) 
show that tryptophan is destroyed to varying extents when a protein is 
hydrolysed with alkali and prefer to estimate it colorimetrically in the intact 
protein (see also 96, 97). 

Friedberg & Marshall (98) determine aspartic acid by conversion to 
fumaric acid which is estimated colorimetrically. 

Hamilton & Ortiz (99) have published preliminary experiments on a 
method for the estimation of proline and hydroxyproline, which depends on 
the destruction of all other amino acids with nitrous acid. Acher, Fromageot 
& Jutisz (100) estimate proline on paper chromatograms by its reaction with 
isatin. Neuman & Logan (101) have described an improved colorimetric 
method for the estimation of hydroxyproline. 

Sakaguchi (102) has suggested the use of 8-hydroxyquinoline instead of 
a-naphthol for the estimation of arginine since the colour is more stable. 

Turba (103) has shown that lysine may be estimated as the insoluble 
copper complex of the benzylidine derivative. 

Composition of proteins —Tristram (104) has made an important com- 
pilation of reliable analyses of pure proteins, and has worked out the charac- 
ter of the protein in terms of the various types of amino acid side chains. 
In a discussion of the usefulness of amino acid analysis, Bailey (105) has at- 


tempted to show the extent of variations in the amounts of any one amino 


acid amongst the proteins of Tristram’s compilation by means of histograms. 
Whilst the distribution of some amino acids (e.g., glycine and alanine) is 
quite erratic, others (tryptophan, methionine, phenylalanine) occur within 
a fairly narrow range of values. If groups of amino acids are considered, 
the numbers of cationic groups fall within a narrower range than the anionic 
but when the two are summated, a statistically normal distribution results, 
with a median value at 25 per cent of the total residues. Likewise, the number 
of polar groups at the median is a little over 50 per cent. There is no marked 
difference in the total ionic groups of albumins and globulins, so that the dif- 
ference in interaction behaviour with neutral salts must reside in their dis- 
position on the protein surface. 

In addition to the proteins listed by Tristram, several fairly complete 
analyses have appeared for gelatin, collagen, and elastin (106), insulin (100), 
silk fibroin from various sources (107, 108), Bence Jones protein (109), 
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lysozyme (110, 111), the oxytocic hormone (112, 113) lipoxidase (114), and 
various egg proteins (115). The newer valine and alanine values of elastin 
are considerably higher than older values, and amongst the collagens the 
methionine, serine, and threonine contents of those from reptiles and fish are 
higher than of those from mammalian sources. It is striking to find that the 
silk from Phasoloma cynthia Drury contains only 22 per cent of glycine as 
against 35 to 40 per cent for that from Bombyx mori. The comparative analy- 
ses of the collagens and silks once again emphasise that variations of amino 
acid content can occur without change in the characteristic properties of the 
protein. 

The recovery of nitrogen from the oxytocic hormone (113) is about 96 
per cent and only eight amino acids (leucine, isoleucine, tyrosine, proline, 
glycine, cystine, glutamic, and aspartic acids) are present. These occur in 
equimolecular proportions together with three equivalents of ammonia, 
only two of which can be accommodated as w-amide groups. Roberts e¢ al. 
(109), in reporting their analysis of Bence Jones protein, compare the low 
methionine content and high hydroxy amino acid content with that of to- 
bacco mosaic protein, but more significant is the very close similarity of the 
whole amino acid pattern with that of y-globulin. In considering the aetiol- 
ogy of myelomatosis, this striking fact is worthy of further exploration. 

Plasma proteins ——Cohn and colleagues (116) have introduced a further 
variable into their procedure for separating plasma proteins by ethanol at 
low temperatures. At certain stages they make use of differences in solubil- 
ity of the zinc or barium salts of the protein. Fractions I, II and III of earlier 
methods (117) (mainly y-globulin, §,-lipoprotein, cryoglobulin, and fi- 
brinogen) are precipitated together as the sodium salts; the addition of zinc 
ions then precipitates IV and V (serum albumin, {6,-metal-combining globu- 
lin, and glyco- muco-, and lipoproteins). The y-globulins are leached out 
almost quantitatively by glycine at the isoelectric point of the B-lipoproteins, 
and the albumin from IV and V by addition of barium ions which assist the 
extraction. Barium ions at the same time prevent the solution of the a-glob- 
ulin and zinc ions those of a;-lipoproteins and the metal-combining globulin. 
The lipoproteins of serum, first studied by Macheboeuf (118), migrate 
electrophoretically with the a,- and 6,-globulin fractions. The (-lipoprotein 
has been obtained from fraction III-O by Oncley e# al. (119) in a homogeneous 
state (mol wt., 1.3 10*). It contains 8 per cent by weight of free cholesterol, 
39 per cent of cholesterol esters, 29 per cent of phospholipid, and only 23 per 
cent of polypeptide. It is estimated that 75 per cent of the serum cholesterol 
is present in the lipoprotein, which constitutes some 5 per cent of the total 
plasma protein. The evidence is against the idea that {,-lipoprotein functions 
in the transport of fatty acids to and from the fat depots, but rather as a 
carrier for vitamins and hormones. It does, in fact, contain small amounts of 
carotenoids and estrogens. In whole human serum, the lipoprotein generally 
gives rise to an asymmetric albumin peak and in rabbit serum, also, the asym- 
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metry is observed in 60 per cent of cases (120); in others it is too low to cause 
distortion, but can nevertheless be demonstrated by light scattering. 

Wynn & Williams (121) have amplified some older observations that 
nonlipid substances, including amino acids, appear in light petroleum ex- 
tracts of plasma. They find that the phospholipids are responsible for solubil- 
ising in fat solvents free amino acids (especially glutamine) and peptides. 
There is also present a more firmly bound fraction which gives rise on 
hydrolysis to aspartic acid, glutamic acid, serine, glycine, valine, and leucine. 
The rapidly expanding state of our knowledge upon what, until recently, 
were entirely obscure complexes, is recorded in a recent symposium (122). 

Another important advance in the study of conjugated proteins is the 
crystallisation by Schmid (123) of a serum glycoprotein containing 17 per 
cent of hexose and 12 per cent of hexosamine. This protein appears to be 
the same as the homogeneous, noncrystalline mucoprotein (mol. wt., 44,000), 
isolated by Weimer, Mehl & Winzler (124), and characterised by analytical, 
electrophoretic, and ultracentrifuge studies. The mucoproteins of plasma are 
increased in cancer, pneumonia, and certain other diseases. 

A disturbing feature of the fibrinogen preparations from pooled plasma 
was the occlusion of a nonclottable “cold insoluble globulin” fraction (125). 
Lener & Watson (126), who suggest the name cryoglobulin for these proteins, 
observed a precipitation on cooling in 31 out of 121 pathological sera, but 
none at all in 40 normal ones. It thus seems likely that fibrinogen prepara- 
tions from healthy animals will not be contaminated in this way. Abrams, 
Cohen & Meyer (127), from their own and other data, show that these pro- 
teins differ considerably in shape and size, varying in molecular weight from 
190,000 (acro purpura serum) to 1 X10* (myeloma serum). 

Haemoglobin.—Polonovski & Bourdillon (128) by an indirect method find 
that normal horse serum contains small amounts of free globin. The latter, 
as usually made, when recombined with haem, shows small shifts in the tryp- 
tophan absorption and in the Soret band. Jope and co-workers (129) have 
prepared a globin which, on recombination, is quite indistinguishable from 
native haemoglobin, though the crucial test, the oxygen tension curve, was 
not reported. 

Proteins of the myofibril—tThis field is so intimately connected with func- 
tional aspects that we can summarize only the salient developments, and it 
is important that our comments be read in conjunction with Straub’s 1950 
review (130) on this topic. 

On the evidence so far presented, the N-protein of Gerendis & Matoltsy 
(131 to 134), which is considered to contribute a negative birefringence to 
the I bands, has a questionable reality. Dubuisson & Fabry-Hamoir (135) 
were unable to confirm the original experimental observations, and, quite 
apart from experiment, it is difficult to understand how the negative bire- 
fringence can arise from a nucleic acid component. In adult muscle, the 
amount of ribonucleic acid is no more than 0.1 per cent of the wet muscle 
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weight (136), and histological evidence (137) suggests that it occurs in the 
region of the anisotropic band. 

The nomenclature of some muscle proteins has become rather confused. 
There is no evidence, for example, that the crystalline peptomyosin obtained 
by Bourdillon (138) from a peptic digest of whole beef muscle arises from the 
myosin component. In the preactin era, myosin contained a variable pro- 
portion of actin, and what we believe to be true myosin is now called myo- 
sin-A [Szent-Gyérgyi (139)] or L-myosin [Weber (140)]. Electrophoretic 
peaks are termed myosin-a, -8, or -y (141). In the broadest sense, myosin-A, 
L-myosin and $-myosin are the same, and actomyosin corresponds to 
a-myosin (142). There are few precedents for changing the name of a pro- 
tein when an impurity is discovered, otherwise, at some future date, many 
proteins will require new names. It seems preferable to retain the name 
‘‘myosin”’ for what is or what may be considered to be the pure protein, and 
to qualify in context when past researches have dealt with a less pure prod- 
uct. Again, the term “crystalline myosin”’ is often applied to Szent-Gydrgyi’s 
myosin-A. Electron micrographs of myosin (143, 144), F-actin (144), acto- 
myosin (144), tropomyosin (145), and fibrin (146) show that all these pro- 
teins have the common property of aggregating to give fibrils of varying 
length and thickness. It is misleading to apply the term crystalline to such 
structures and inconsistent to apply it only to myosin. 

In a detailed ultracentrifuge study of myosin, Portzehl (147) gives the 
following constants for Weber’s preparations: Sx» (c=0), 7.1; Dap (c=0), 
0.9X 10-7 [cf. the nonextrapolated value of 0.5 given by Snellman & Erdés 
(148)]; mol. wt. = 860,000 in good agreement with the value of 840,000 calcu- 
lated from osmotic pressure determination. Interpreted as a prolate ellipsoid, 
the molecule is very long (2300 A) and very thin (23 A). Portzehl, Schramm 
& Weber (149) have also made a detailed study of actin and myosin in rela- 
tion to variations in the method of preparation. They show there is not one 
actomyosin, but several of differing sedimentation constant, and both these 
and pure myosin are apt to develop higher-sedimenting components, presum- 
ably aggregation products of some kind. They find also that if muscle is ex- 
tracted for only a short period, the actomyosin component can be readily 
separated by virtue of its insolubility at !/2 =0.3; true myosin is precipitated 
at higher dilution. Johnson & Landolt (150) have also reported on the ultra- 
centrifuge patterns of actomyosin, and suggest that complex formation may 
be governed by an equilibrium reaction A+M@2AM, since an ultracentri- 
fuged actomyosin gel on re-solution gives rise to free actin and myosin. Both 
in purity and composition, actin is less well defined than myosin. In the elec- 
tron microscope, the discrete units forming the fibrils are about 300100 A 
(151) and must themselves be polymeric forms of G-actin. The corpuscular 
units shown by the electron microscope in muscle itself are very similar to 
these units (152), though here, there is an interpenetration of other material 
which may well be the myosin component. The polymerisation of actin, 
according to Dubuisson (153), is accompanied by the liberation of hydrogen 
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ions, suggesting perhaps that the interacting groups are ionic and undergo 
changes in dissociation constants. 

By the application of Sanger’s fluorodinitrobenzene method (154), Bailey 
(155) finds no more than traces of N-terminal acids in tropomyosin and myo- 
sin, and believes them to consist of cyclopeptides. Tsao, Bailey & Adair 
(156) have studied the osmotic pressure and viscosity of tropomyosin under 
a wide variety of conditions. The polymerised form of tropomyosin disso- 
ciates into smaller units as the ionic strength increases, but the limiting 
value of average particle weight at ['/2 of 1.1 appears to be 20 per cent 
higher than in urea solutions or in acid at pH 2. The particle weight under 
these latter conditions is 53,000, and this is believed to be the fundamental 
unit. The axial ratio deduced from viscosity measurements is in excellent 
agreement with that calculated for two a-keratin chains lying side by side, 
and this configuration is also suggested by the chemical evidence that the 
monomer is a cyclopeptide. It is thought that myosin itself, which tends to 
depolymerise into smaller units in urea, may be built up of cyclopeptides of 
comparable structure. 

In a series of papers, partly covered by a review (157), Dubuisson and 
co-workers have made a systematic investigation of factors affecting the ex- 
tractibility of the structural proteins of muscle: the method by which the 
fibre membranes are best disrupted, the method of cooling, the effect of 
fatigue, contracture, thaw rigor, and the nature of the extracting medium. 
In contraction, fatigue, or contracture, but not in thaw rigor (158), there is 
a virtual disappearance of the actomyosin and myosin electrophoretic com- 
ponents, and, in comparison with the pattern from relaxed muscle, the ap- 
pearance of a new peak (y) which has been called contractin. This peak is 
particularly evident in extracts of molluscan muscle, which contract during 
excision. It must be derived from the myosin or actin component, but how 
such a modification arises is unknown. The loss in solubility of the fibrillar 
protein after fatigue was first discovered by Deuticke (159), and it seems clear 
from Dubuisson’s work that the cause is not due to inaccessibility or changes 
in membrane permeability, but to some kind of aggregation. This is sug- 
gested by the fact that potassium iodide and pyrophosphate are capable of 
breaking up the complexes formed during contracture (160), and thus of 
restoring to the electrophoretic pattern the missing components. Myosin 
itself (161) resembles tropomyosin (162) in that both are soluble after ex- 
traction at an ionic strength which is insufficient to extract them from the 
tissue. Such phenomena may be more widespread than we suppose. 

A development which should greatly assist the study of the fibrillar pro- 
teins is reported by Perry (163), who has prepared morphologically intact 
myofibrils, freed from sarcoplasmic components. 

Those interested in muscle and muscle proteins should consult a discus- 
sion introduced by Hill (164) and the Meyerhof dedication volume (165). 

Other proteins.—Forsythe & Foster (166) have applied the ethanol frac- 
tionation scheme to the proteins of egg white. In fraction II there is a sharp 
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separation of lysozyme which can be crystallised. Fraction IV consists almost 
entirely of ovomucoid. This protein, which possesses antitryptic properties, 
has also been obtained by Fredericq & Deutsch (167) using a less drastic 
method than hitherto. The protein has a molecular weight of 27,000 and an 
axial ratio of 6.4. By heating to 100°, the antitryptic activity is lost, without 
change in the specific viscosity, and only slight changes are induced in strong 
urea solutions. 

Electrophoretic studies—T hough used widely for the investigation of pro- 
tein systems which may be very complex or relatively simple, the electro- 
phoretic method yields only limited information unless combined with ultra- 
centrifugal studies. The ultracentrifuge is not available in many laboratories, 
so that any refinement for the definition of homogeneity is rather important. 
In addition to a sensitive method for measuring slight differences of mobility 
(168), Hoch (169) has investigated both theoretically and experimentally 
the attainment of a steady boundary state for an electrically homogeneous 
protein. Its use as a test of homogeneity was first suggested by Alberty (170). 
The factors affecting either sharpening or spreading of the boundary are due 
to differences in conductivity, in pH, and in mobility between the regions on 
both sides of the boundary. The tendency of the boundary to sharpen is 
constant, depending only upon the difference in migration velocity of pro- 
tein ions on either side, whilst the tendency to spread decreases with increas- 
ing time. For a given potential gradient these effects combine to give a steady 
state, and if the boundary broadens after an initial sharpening the protein is 
considered to be electrically heterogeneous. A steady state was observed for 
human oxyhaemoglobin but not for bovine serum albumin, though at pH 
8 the latter might have been considered electrically homogeneous by ordinary 
standards. 

In addition to the electrophoresis-convection apparatus which has been 
used by Kirkwood and colleagues (171) to separate no less than eight frac- 
tions from y-globulin, Grassmann (172) and Svensson & Brattsten (173) 
have independently introduced a new type of apparatus. The cell consists of 
a box filled with glass powder and having electrodes at each end. The protein 
solution is run through the middle of the cell and under the influence of the 
current is deflected from the vertical direction. The components arrive at 
the base, i.e., the exit, at different points depending on the mobility. 

A laboratory-made apparatus has been described (174) as well as two 
other types suitable for small-scale work (175, 176). 

A number of workers (177 to 182) have described techniques for the 
ionophoresis of amino acids, peptides, and proteins on strips of filter paper. 
The paper is generally soaked in an electrolyte solution and the ends dipped 
into the electrode vessels. A drop of the test solution is run on and a voltage 
applied. The method of Cremer & Tiselius (180), in which heating and evapo- 
ration are prevented by complete immersion in chlorobenzene, is especially 
valuable for the separation of proteins and that of Grassmann & Hannig 
(182) can be used for continuous separations. 
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In the analysis of serum and plasma by electrophoresis, differences arising 
from the use of phosphate and veronal (183, 184) and changes as the result 
of hemolysis, dialysis, storage, and freezing have been considered (184). In a 
survey of the serum pattern from lower animals, Deutsch & McShan (185) 
found very large variations even in closely related species, and much greater 
than those between man and monkey. In many cases, the component cor- 
responding to y-globulin was low or absent, and when present possessed a 
higher mobility than human y-globulin. 

A protein pharmacologically distinct from crotoxin and named crotamin 
on account of its marked basicity, has been found in the venom of Crotalus 
T. terrificus (186). Two other studies deserve special comment. Tint & Reiss 
(187) have assessed the purity of heart cytochrome-c from beef, horse, pig, 
and chicken, and show not only that their mobilities are significantly dif- 
ferent, but the iron contents also differ slightly. Though the extinction values 
at two wave lengths differ on a weight basis, the values calculated from the 
molecular weight as given by the iron content are constant. It is entirely 
probable therefore that the protein part of the molecule differs according to 
source. 

An elegant study by Perlmann (188) seeks to explain why the phospho- 
rus content of ovalbumin is not an integral of the molecular weight. It 
seemed likely that the element was distributed between the two electro- 
phoretic components A; and Ay. When converted to the corresponding 
plakalbumins, these latter give rise, without phosphate splitting, to P; and 
P,, and in the course of longer digestion to a dephosphorylated component 
Q. By assessing the proportions of P,;, P, and Q electrophoretically, and as- 
suming that P, and P2 have two and one atoms of phosphorus respectively, 
Perlmann found the calculated phosphorus content of the mixture agreed 
with the amount actually present. 

Johnson et al. (189) have made a pioneer study of the electrophoretic 
behaviour of a dissociable protein, arachin. The effect of dilution was to 
produce anomalies which had no counterpart in sedimentation, emphasising 
that a superficial interpretation of electrophoretic data can be very mislead- 
ing. 

Ultracentrifuge studies.—Since the determination of molecular weight 
from sedimentation and diffusion involves the factor (1-V), it is obvious that 
accurate values cannot always be obtained if V, the partial specific volume, 
is assumed. Three of four proteins investigated by Koenig (190) have V 
values well below the conventional value of 0.74 to 0.75 [compare also tropo- 
myosin (191)]. Cohn & Edsall (192) first showed that the values of V calcu- 
lated from analysis and the specific volume of the amino acid residues gave 
fair agreement with the experimental. We have made similar calculations 
for Koenig’s bovine proteins and the agreement is fairly good (Table I). 

Schachman & Lauffer (193) have contributed a valuable discussion of 
the effect of hydration in the correction of sedimentation values to the 
water standard at 20°. Neglect of hydration may lead to errors as high as 
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25 per cent. McMeekin et al. (194) find that the densities of B-lactoglobulin 
crystals in serum albumin solutions and in sucrose show the same difference 
as solutions of virus under comparable conditions. The crystals absorb 
sucrose and lose water, and the parallelism of behaviour under the two sets 
of conditions suggests that hydration in the crystal is the same as in solution. 

Sedimentation studies are reported for the globulins of hog sera (195), 
diphtheria antitoxin of the horse, and immune fractions from bovine plasma, 
milk, and colostrum (196) and for plasma fractions obtained in the Harvard 
process (197). Smith, Brown & Hanson (198) have studied a homogeneous 
pancreatic carboxypeptidase and find a molecular weight of 33,800. Some- 
times a contaminating globulin of high sedimentation constant is present. 

Sorensen’s postulate of proteins as dissociable complexes, so long dis- 
carded, may need to be reconsidered. In the classical case of haemocyanin, 
reinvestigated in great detail by Brohult (199,200), depolymerization is a 


TABLE I 


THE PARTIAL SPECIFIC VOLUMES OF SOME BOVINE PROTEINS 





Experimental Calculated 





Fibrinogen 0.706 0.717 
7-Globulin 0.725 0.727 
8-Globulin 0.714 -- 

Serum albumin 0.730 0.732 





function both of pH and salt concentration, increasing as the latter increases 
to a limiting value which is 25 per cent short of full dissociation, even though 
sedimentation was followed down to very low protein concentrations. Insulin 
must also be regarded as a reversibly dissociable system (201). Analysis 
suggests that the monomer possesses a particle weight of 12,000 (202), and 
this value appeared to be confirmed by the sedimentation data of Oncley & 
Ellenbogen (203). There are now reasons to believe from a study by Fredericq 
& Neurath (204) that the monomer weight is 6,000, although this value is 
not accommodated by some of the analytical data. However, from a study 
of the reduction of insulin, Lens & Neutelings (205) have concluded that the 
active physiological unit must be greater than 12,000, because reduction of 
less than one -SS- bridge per mole of 12,000 causes complete inactivation. 
This effect could be explained if in an equilibrium between the -SS- and -SH 
groups, the reoxidation of a reduced molecule gives rise to an inactive prod- 
uct. 

Johnson & Shooter (206) have studied in detail the depolymerization of 
ground nut globulin, which in the kernel exists as a parent molecule (mol. wt. 
330,000) and dissociates into two half molecules of greater asymmetry ac- 
cording to the solvent parameters—pH, salt concentration, and type of salt. 
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Whilst high concentrations of sulphate ion promote dissociation, a small 
amount prevents it and is firmly bound and nondialyzable. 

Reactivity and chemical structure ——The idea that the biological activity 
of a protein is sometimes manifest in smaller fragments, produced chemically 
or enzymatically, is of immense importance, since it may simplify the means 
by which the nature of the active group can be elucidated. The active 
polypeptides of adrenocorticotropic hormone (ACTH) are necessarily of 
over-riding interest at the present time, and have attracted many workers 
into the field of peptide chemistry. The lack of publication of experimental 
results, however, has made progress very slow. It is generally agreed that the 
molecule is of relatively small molecular weight since it is ultrafilterable 
(207, 208) and is only partially precipitated by trichloroacetic acid (209) 
and that the activity is unusually stable to hydrolysis by acid or by pepsin 
(210, 211). Li & Pedersen (212) prepared an active peptic hydrolysate in 
which the average molecular weight of the peptides was 1,200. Unfortunately 
the molecular weight of the active component was not reported. Lesh et al. 
(213), however, have fractionated a comparable hydrolysate and have 
obtained a very active preparation in which the activity was shown by ultra- 
centrifugation to reside in a molecule of molecular weight greater than 2,500. 
At least it is now clear that the original purified preparations of ACTH 
were not pure since preparations of much higher activity have now been 
prepared (208, 213). Li (214) has also reported that the follicle-stimulating 
hormone undergoes digestion with pepsin without loss of activity. 

In spite of the inhomogeneity of y-globulin from a physicochemical 
standpoint (195, 196), Porter (215) has shown that for rabbits immunized 
against ovalbumin, the active and inactive y-globulin are alike in possessing 
the same N-terminal group of alanine, nor could any differences in the reac- 
tivity of lysine e-amino groups or of imidazole groups be detected; moreover, 
the N-terminal amino acid sequence Ala-Leu-Val-Asp was found in both 
proteins. These findings do not rule out the possibility that there are, in 
fact, some differences of amino acid sequence in other parts of the chain, 
but it is more likely that the operative group in the active fraction arises by 
a special method of folding. By the action of papain-HCN, the specific 
combining centre appeared to be retained in a fragment representing the 
terminal quarter of the molecule, and whilst this did not itself precipitate 
the antigen, it had a strongly inhibiting effect on the flocculating ability of 
the undegraded antibody (216). 

By the action of pepsin on cytochrome-c, Tsou (217) has isolated a frag- 
ment containing 2.2 per cent of iron, representing about one sixth of the 
native molecule. The absorption spectrum of the modified ferro form in the 
visible region is identical with that of ferrocytochrome-c, but unlike the 
latter, it is autoxidisable, and combines with CO in the ferrous state and with 
HCN and NO in both the ferrous and ferric states. The resistance of the 
fragment to denaturation changes, which would give rise to haemochromogen- 
forming compounds, is shown by the fact that it does not combine with 
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haematin before or after heating. It is inactive in the cytochrome system, 
but as an artificial ascorbic acid oxidase it has a Qo, of 10,000. 

Porter (218) has used the dinitrophenyl technique to study the reactivity 
of the imidazole groups of the histidine residues of proteins. In ovalbumin, 
serum albumin, haemoglobin, and globin the histidine groups are all free to 
react. In B-lactoglobulin two of the four histidine residues fail to react unless 
the protein is first denatured. In insulin a small fraction of the histidine fails 
to react, but on heat precipitation two residues become unreactive, which 
suggests that imidazole groups may be involved in the formation of the 
fibrous insulin. 

One approach to the problem of determining the chemical nature of the 
active centres of physiologically active proteins is to study the effect of 
various reagents on activity. Work of this type must be carefully controlled 
by following the extent of substitution and the nature of the reacting groups; 
a complication is that the same type of group in different proteins may pos- 
sess different reactivities. The most useful reagents are those which react 
specifically with a given type of group, and such reagents probably exist 
only for sulphydryl, amino, carboxyl, and aliphatic hydroxyl groups. 
Fraenkel-Conrat has applied this kind of method extensively. By the use of a 
large variety of reagents, he concluded that for insulin the amino and ali- 
phatic hydroxyl groups are not essential for activity, but that carboxyl and 
disulphide groupings are (219). In a more detailed study of insulin methyl 
ester, Mommaerts & Neurath (220) showed that two-thirds of the carboxyl 
groups may be esterified without loss of activity, whereas further esterifi- 
cation causes complete inactivation. According to Fraenkel-Conrat, the 
substitution of part of the amide, guanidyl, phenolic hydroxyl, or imidazole 
caused little inactivation, but a more extensive coupling of the last two 
groups caused inactivation. Crotoxin, on the other hand, was extremely 
sensitive to chemical reagents, and amino, hydroxyl, carboxyl, and possibly 
imidazole, phenolic hydroxyl, indole, guanidyl, and amide groups are essen- 
tial for activity (221). Lysozyme is also rather sensitive,—amino, imidazole 
and hydroxyl groups probably being essential; indole groups, however, are 
not essential (222). 

The reaction of iodine with proteins has been studied by Hughes & 
Straessle (223) and by Fraenkel-Conrat (222). Two types of reaction occur, 
i.e., oxidation and substitution. The most easily oxidised groups are the sul- 
phydryl groups, and, in the case of serum albumin, these could be oxidised 
without causing substitution. Appreciable oxidation of other groups, e.g., 
tryptophan, occurs only at higher pH values. Substitution reactions take 
place with tyrosine and histidine residues, the relative reactivities varying 
from one protein to another. In serum albumin, a part of the tyrosine reacts 
first, but before complete reaction, histidine groups begin to react. In insulin, 
the tyrosine groups are especially reactive and may be substituted selec- 
tively, whereas in lysozyme, the imidazole groups are most reactive and only 
half the tyrosine groups can be substituted. In this case the initial iodine 
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bound, which causes some inactivation, can be removed by mild reducing 
reagents such as sulphite or thioglycol. The labile iodine is due to the exist- 
ence of an N-substituted iodohistidine, which on further treatment goes over 
to the normal C-substituted derivative. The formation of this reversibly 
bound iodine does not occur in most proteins; presumably because C-sub- 
stitution is more rapid than N-substitution. 

Roche et al. (224) have estimated the amounts of thyroxine, diiodotyro- 
sine, and monoiodotyrosine formed when various proteins are iodinated. 
Only a limited amount of thyroxine is formed and this differs for different 
proteins. They suggest that the formation depends on the relative spatial 
arrangement of the tyrosine residues in the molecule. They also find that the 
physiological activities of iodoproteins do not always run parallel with 
the thyroxine content as estimated colorimetrically, a finding similar to that 
of Deanesly & Parkes (225) who compared physiological activity with thy- 
roxine content as estimated by the acid insoluble iodine method. Pitt-Rivers 
(226), however, finds that if the thyroxine is estimated by isolation it is 
proportional to the biological activity of the iodoprotein. 

Considerable interest has been maintained in the reaction between pro- 
teins and glucose, which leads to impairment of the nutritional value of 
dried foodstuffs and the production of a number of undesirable side reac- 
tions including “‘browning.”’ It also takes place under the normal conditions 
of storing dried blood (227). The initial reaction, which is optimum when the 
preparation contains about 15 per cent water (228), is a reaction of the 
glucose with the free amino groups of the protein (229, 230), probably by 
a glycoside formation (231). On more prolonged storage, the glucose reacts 
with several other amino acid residues, including arginine, histidine, methio- 
nine, and tyrosine (230, 232). The exact nature of the “‘browning”’ reaction 
is still not clear. It is also given by the action of acetaldehyde on proteins 
(233) and the over-all reaction is probably complex. 

Protein interactions.—The role of proteins as specific functional units in 
the organism depends to a large extent on the interaction of the protein with 
chemical substances in its environment. Attempts to elucidate the mecha- 
nism of such interactions have frequently made use of serum albumin as 
research material, since it possesses an enhanced ability to interact reversibly 
in solution with a wide variety of organic and inorganic compounds. Recent 
studies of Scatchard, Scheinberg & Armstrong (234) have shown that human 
serum albumin combines preferentially with the chloride ion in sodium 
chloride solutions, even when the net charge on the protein would be ex- 
pected to favour the adsorption of the sodium cation. Modification of the 
albumin by treatments which weaken the basic groups (acetylation, action 
of formaldehyde) generally decreases the adsorbing properties (235), and 
it is generally accepted (235 to 238) that the preference which albumin 
shows for anions is connected with the activities of the lysine and arginine 
residues (239), both of which possess single positive charges at physiological 
pH. A mathematical treatment (234, 237) suggests that there are only a 
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few positive centres of adsorption with strong binding power and a large 
number of weaker ones. Since many proteins contain the stronger basic 
residues, there must obviously be some additional factor to account for the 
special properties of serum albumin. Karush (237) makes the interesting 
suggestion that the adsorbing sites are of quasi-liquid nature and thus able 
to accommodate the wide variety of molecular types which other proteins of 
more rigid structure are unable to adsorb. On a single aspect of this problem, 
Rosenfeld & Surgenor (240) have found that human serum albumin adsorbs 
ferriprotoporphyrin in the molecular ratios 1:1 and 1:2 which suggests 
an interaction much more specific than those involving small molecules. 

Steinhardt & Zaiser (241) have studied the effect of a range of simple 
bases and of long-chain quaternary ammonium compounds on the titration 
curve of wool. With increasing chain length, the ability of these substances 
to weaken the basic properties of the lysine and arginine residues also 
increases, due, they suggest, to the existence of coulomb forces which assist 
the nonspecific binding of the hydrocarbon chain. 

The controversy as to the existence of specific long range forces has been 
continued by Singer (242) and by Trurnit (243, 244). In defence of his obser- 
vations and deductions Rothen (245, 246) has put forward some strong argu- 
ments [see also Hanig (247)]. 

Structural aspects—The investigation of the structure of proteins by 
means of their infrared absorption spectra has been more widely attempted 
during the last six years than hitherto. Improved techniques for the rapid 
automatic recording of spectra under conditions of good resolution is chiefly 
responsible. The extensive tabulation of infrared spectra of organic molecules 
during recent years has extended previous knowledge of the “characteristic” 
frequencies of biologically important groups, such as COHN, NH;*, COO-, 
OH, COOH, NH, and it is on the observation of these characteristic fre- 
quencies that infrared studies of macromolecules almost entirely depend. 

Darmon & Sutherland (248) showed that the spectra of keratin and a cer- 
tain synthetic polypeptide are very similar in the region of their NH and 
CO frequencies and later observations (249) on silk, tropomyosin and other 
polypeptides confirmed this. All, or nearly all, of the NH and CO groups 
in the proteins and polypeptides examined were hydrogen bonded. It was 
pointed out that the spectrum of silk fibroin between 1500 cm™ and 700 cm™ 
could be interpreted largely as a summation of the spectra of polyglycine 
and poly-pL-alanine. A notable advance has been the use of polarised infra- 
red radiation, with which Ambrose, Elliott and their colleagues have success- 
fully determined the general directions of the NH and CO bonds in oriented 
specimens of nylon (250), porcupine quill, feather keratin, myosin, tropo- 
myosin, and some synthetic polypeptides (251, 252). Whereas in nylon 
and feather keratin the NH bond is perpendicular to the axis of orienta- 
tion, it is parallel to the axis in porcupine quill, myosin and tropomyosin. 
They later reported (253) that synthetic polypeptides in the B-configuration 
showed a slight frequency difference of the CO band from those which 





con: 
crit 


spec 
of s 
prot 
stud 
of h 
dire 
char 
figui 
Linc 
deio 
out 
ioniz 
tain! 
glob 
enzy 
A fa 
gena 
bact 
fract 


rge 
isic 
the 
‘ing 
ible 
s of 
em, 
yrbs 
ests 
" 
iple 
tion 
nces 
also 
ssist 


een 
yser- 
rgu- 


s by 
pted 
apid 
ie fly 
cules 
stic” 
I0-, 
: fre- 
end. 
1 cer- 
and 
other 
“oups 
r was 
cm! 
ycine 
infra- 
cess- 
ented 
TOpo- 
nylon 
ienta- 
yosin. 
ration 
which 


CHEMISTRY OF AMINO ACIDS AND PROTEINS 123 


consist of folded chains, and suggested that this may prove to be a useful 
criterion for distinguishing a- and §-configurations of unoriented protein 
specimens. This criterion has been applied to insulin (254). The relevance 
of synthetic polypeptide studies to the elucidation of chain folding in 
proteins is apparently ambiguous (253, 255). Elliott & Ambrose (256) have 
studied a high-frequency combination band associated with the NH bond 
of horse haemoglobin crystals and conclude that the bond lies in the general 
direction of the @ axis. 

It has been widely believed that ‘‘salt linkages’”’ between oppositely 
charged groups play a part in holding the protein molecule in its native con- 
figuration. Evidence against this view has been put forward by Jacobsen & 
Linderstrgm-Lang (257), who studied the volume changes taking place on 
deionization of a protein solution, and by Neuberger (258), who pointed 
out that titration of a protein between pH 4 and 9, which must affect the 
ionization of groups, does not often induce irreversible changes. This is cer- 
tainly true of some commonly investigated proteins (ovalbumin, lacto- 
globulin), but it is probably not true for many proteins, such as the labile 
enzymes of muscle juice, nor of an ethanol-stable protein such as edestin. 
A fascinating problem in this connection is the stability of malig dehydro- 
genase and a cytochrome-c—cytochrome oxidase fraction of thermophilic 
bacteria at a temperature of 65° which inactivates the corresponding 
fractions of a mesophile in 10 min. (259). 
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X-RAY CRYSTALLOGRAPHIC STUDIES OF COM- 
POUNDS OF BIOLOGICAL INTEREST! 


By Robert B. Corey 
California Institute of Technology, Pasadena, California 


In her review of the years 1944 to 1947, Dr. Crowfoot (1) commented 
upon the progress which had been made in our knowledge of organic struc- 
tures since the first of the Annual Review series (1936) by Sponsler & Dore 
and called attention to the increasing productivity in recent years which 
has resulted from the growing power of x-ray analytical methods. This ac- 
celerated output of structure determinations has continued during the years 
1948 to 1950. The first issue of Acta Crystallographica appeared in 1948, 
and already more than 60 articles dealing with the crystal structures of or- 
ganic compounds have been published in its pages alone. But the increased 
number of structure determinations is probably less significant than the 
greatly increased accuracy with which they can now be made. This increased 
accuracy may be largely attributed to improved computational techniques 
for refining atomic coordinates by the calculation of Fourier series or by the 
method of least squares (2). 

The role of Fourier series in the determination of organic crystal struc- 
tures is clearly presented in Crowfoot’s review (1). The subject is discussed 
in greater detail in a short paper by Dunitz (3) and in Lonsdale’s recent book 
Crystals and X-Rays (4), which is a highly readable introduction to the whole 
field of crystal structure analysis. The Fourier series 


1 oO 
p(xyz) = = ~ XD | Foul (cos 2w(hx + ky + lz) — ann) 


is a general expression for the calculation of the electron density p at any 
point xyz within a crystal. Its evaluation to give the three-dimensional dis- 
tribution of electron density throughout the unit cell of even a moderately 
complex crystal is a prodigious computational task. For the calculation of 
two-dimensional projections of electron density on a plane the task is con- 
siderably simplified, and this is the way in which Fourier syntheses have 
been most used in crystal structure analysis. In projections of this sort, 
atomic positions are frequently obscured by overlapping of the atoms and 
by lack of resolution, which arises from the fact that data from axial zones 
only are generally employed. In recent years, high-speed calculating methods 
involving the use of punched cards (5) have become generally available, so 
that the handicaps of two-dimensional plots can now be overcome by com- 
puting the three-dimensional distribution of electron density for regions of 
interest within the crystal or even throughout the whole unit cell. In these 
three-dimensional plots all atoms are completely resolved and the atomic 


1 Contribution No. 1492 from the Gates and Crellin Laboratories of Chemistry. 
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positions obtained from them have the added accuracy which results from 
the use of all rather than a part of the available x-ray data. 




















SS 








Fic. 1. A section of the three-dimensional distribution of electron density in the 
crystal of anthracene taken in the plane of the molecule (Robertson). 


X-Ray ANALYSES OF THE STRUCTURE OF ORGANIC MOLECULES 


Redeterminations of atomic coordinates.—In 1933 Robertson, using two- 
dimensional Fourier series, determined the crystal structures of naphthalene 
(6) and anthracene (7a). For naphthalene the C—C distances were found 
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to vary from 1.40 to 1.44 A (average 1.41 A); in the case of anthracene, many 
atoms overlapped in the projections so that their coordinates could be esti- 
mated only approximately. Both structures have now been redetermined 
by Robertson and his co-workers (7b, 7c, 8a, 8b). They have calculated three- 
dimensional plots of electron density in which all carbon atoms are beauti- 
fully resolved. Fig. 1 shows the electron density contours in the plane of the 
molecule of anthracene and indicates the precision with which the positions 
of atomic centers can be established. The bulges in the lowest contour level 
correspond to the hydrogen atoms. The hydrogen peak associated with car- 
bon F is so well defined that it was used to obtain a value (1.10 A) for the 
C—H distance, in good agreement with that generally accepted (9). Both 
molecules are planar; the C—C distances, accurate to within about 0.01 A, 
are shown in Fig. 2. 





Fic. 2. Molecular dimensions of molecules of (a) naphthalene and (b) 
anthracene as found by three-dimensional analysis of crystals. 


The structures of two other hydrocarbons, dibenzyl and tetraphenyl- 
cyclobutane, have been reinvestigated. A detailed analysis of the accuracy 
of Jeffrey’s structure of dibenzyl (10, 11) has been made by Cruickshank 
(12). He concludes that in the —CH2CH,— chain joining the rings the C—C 
bond distances are significantly shorter than the standard bond length 
found in diamond, although his corrected values, 1.510 and 1.523 A, are long- 
er than those originally reported by Jeffrey (1.48 and 1.50 A). Although the 
evidence is insufficient to establish any differences in the bond lengths 
within the aromatic ring (av. 1.378 A), it does indicate that the ring in di- 
benzyl is slightly smaller than the dimensions usually accepted for the ben- 
zene ring (1.39 A) (9). From a preliminary x-ray investigation (13) of the 
structure of the centrosymmetric isomer of 1,2,3,4-tetraphenylcyclobutane, 
reported in Crowfoot’s review (14), the two adjacent bonds of the cyclo- 
butane ring appeared to have the lengths 1.63 and 1.49 A. A detailed three- 
dimensional analysis has now been carried out by Dunitz (15) in which 
these C—C distances are found to be 1.585 and 1.555 A respectively, both 
accurate to about +0.02 A. From this analysis it is concluded that the 
question of whether or not the ring is square is still open; nevertheless, there 
appears to be a small but real lengthening of the C—C bond over the 1.5445 
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@ Carbon 
©) Oxygen 
© Nitrogen 


CO) naogen 


Conventions used in Fig. 3 and following figures. 


A found in diamond (16). The benzene rings are regular hexagons 1.39 +0.02 
A on a side. 

The recent application of three-dimensional analysis to structures of amino 
acids has revealed a significant error in earlier work. The original analyses 
of the structures of glycine (17) and alanine (18) were necessarily made by 
trial and error methods since two-dimensional Fourier projections failed to 
resolve any atom in either crystal. Both investigations led to C—N bonds 
(in glycine 1.39, in alanine 1.43 A) which appeared to be significantly shorter 
than the 1.47 A anticipated from the sum of the covalent radii (9). Donohue 





(a) (b) 
Fic. 3. Molecular dimensions of (a) alanine and (b) threonine as 
determined by three-dimensional X-ray analysis. 
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(19) has now redetermined the atomic coordinates of alanine by calculation 
from the original data of a three-dimensional plot of electron density dis- 
tribution in which all C, N, and O atoms were completely resolved. Fig. 
3a shows the dimensions of the alanine molecule thus revised. They differ in 
two respects from those originally found; the C—N bond distance, 1.50 A, 
is no longer anomalously short, and the C—O distances in the carboxy] group 
differ from one another by 0.06 A, which indicates that hydrogen bond 
formation causes one of the resonating structures to be favored over the 
other. The results of a similar reinvestigation of the structure of glycine 
(20) were inconclusive because of a lack of precision in the original x-ray 
intensity data. This revision of the structure of alanine, taken together with 
the recent studies of other amino acids and peptides to be described below, 
provides ample assurance that the C—N bond in these compounds is not 
abnormally short, but is in general agreement with that found in other or- 
ganic molecules. 

Amino acids and simple peptides.—eIn an exhaustive investigation of the 
structure of L-threonine by D. P. Shoemaker and co-workers (21), the trial 
structure was obtained by calculation and interpretation of the complete 
three-dimensional Patterson interatomic vector diagram (22) and the atomic 
positions were refined by means of five successive three-dimensional Fourier 
plots of electron density distribution and by the method of least squares. 
Fig. 4a is a composite presentation of sections of the three-dimensional elec- 
tron density plot, each section being taken close to an atomic center. Small 
electron density peaks were also found at all positions where hydrogen atoms 
would be expected (Fig. 4b). The dimensions of the threonine molecule 
(limit of error, 0.02 A) are shown in Fig. 3b. The relative stereochemical 
configuration around the two asymmetric carbon atoms assigned by Meyer 
& Rose (23) on chemical grounds is unambiguously confirmed by this struc- 
ture determination. Like the other amino acids thus far investigated, threo- 
nine exists in the crystal as a dipolar ion. 

Hughes & Moore (24) have determined the structure of B-glycylglycine,’ 
the first linear peptide for which atomic positions have been obtained. The 
molecule is a dipolar ion and is planar except for the terminal N atom which 
lies 0.64 A out of the molecular plane. Its dimensions (Fig. 5) appear to agree 
within the limits of error of the determination with those found in other com- 
pounds. The length of the C—N peptide bond (1.29 A) is probably not sig- 
nificantly different from that found in other structures (about 1.32 A). 

The structure of N-acetylglycine, determined in a three-dimensional 
analysis by Carpenter & Donohue (25), provides additional information 
concerning the length of the peptide bond. The dimensions of the molecule 
are shown in Fig. 6. All C, N, and O atoms are within 0.1 A of a common 
plane. Unlike B-glycylglycine and the crystalline amino acids, N-acetylgly- 
cine is not a dipolar ion, as evidenced by the difference in the lengths of the 

2 J. D. Bernal [Z. Krist., 78, 363 (1931)] found three different crystal forms of 


glycylglycine growing side by side in the same mother liquor. He designated them 
a, 8, and y, and determined their crystallographic constants. 
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C—O bonds (1.19 and 1.31 A) in the carboxyl group. It is of interest that in 
both B-glycylglycine and N-acetylglycine the arrangement around the C—N 
peptide bond is trans with respect to the —C—-C—N—C— chain. 
Pyrimidines, purines, and nucleosides—Three papers, two by Clews & 
Cochran (26, 27) and one by Pitt (28), provide the first x-ray studies of 
crystalline pyrimidines. The substances investigated were substituted hy- 
droxy- (28) and amino-pyrimidines (26, 27); the compounds are of special 
interest because they are a source of information concerning the structure 





Fic. 6. Molecular dimensions of N-acetylglycine as 
determined by three-dimensional analysis. 


of the pyrimidine nucleus, and also because of the possibility of tautomeriza- 
tion through a migration of the hydroxyl or amino hydrogen atom to one of 
the ring nitrogens. The structure of 4,6-dimethyl-2-hydroxypyrimidine was 
obtained (28) from a two-dimensional analysis of the crystalline dihydrate. 
The molecules are planar and are bound together in the crystal by water 
molecules which are hydrogen bonded to hydroxyl groups and ring nitrogen 
atoms. Only tentative values could be assigned to the bond lengths because 
of the high probable error of the determination (+0.04 A). 

An investigation by two-dimensional Fourier methods (26) of the iso- 
morphous compounds 2-amino-4,6-dichloropyrimidine and  2-amino-4- 
methyl-6-chloropyrimidine and a three-dimensional analysis of 4-amino-2, 
6-dichloropyrimidine (27) yielded average dimensions for the pyrimidine 
ring which are shown in Fig. 7. All of these molecules were found to be planar 
and all are bound together in the crystals by hydrogen bonds between NH2 
groups and ring N atoms. Indeed, it seemed not unlikely that this hydrogen 
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bond system, as found in the first analysis (26), presented an example of a 
mesohydric structure involving intermolecular sharing of the hydrogen 
atom responsible for the tautomeric behavior of these compounds, a sugges- 
tion put forward some years previously by Hunter (29). However, this is 
not borne out by the three-dimensional Fourier synthesis in which the elec- 
tron distribution is determined with sufficient accuracy to fix the positions 
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Fic. 7. Dimensions of the pyrimidine ring. 


of the hydrogen atoms. Experimental evidence supports the view that the 
hydrogen is covalently bonded to one atom and that the proton interacts 
electrostatically with the unshared electron pair of the other, both the hydro- 
gen atom and the orbit of the unshared electrons being directed along the 
line joining the hydrogen-bonded atoms. 

The molecular configuration of the purine adenine was obtained from a 
two-dimensional Fourier analysis of adenine hydrochloride hemihydrate 
(30). The molecule is planar and the bond lengths (Fig. 8) are in general 
agreement with those found in the pyrimidines. Since any bond length may 
be in error by as much as 0.05 A, it is impossible to say whether the differ- 
ences in the C—N bonds are significant. 





Fic. 8. Molecular dimensions of adenine. 
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Furberg has made an x-ray study of the four nucleosides, cytidine, uri- 
dine, adenosine, and guanosine (31) and has established the molecular con- 
figuration of cytidine from a two-dimensional analysis (32). The structure, 
cytosine-3-8-p-ribofuranoside, assigned to cytidine on chemical grounds, 
is confirmed. The probable error of the bond lengths (Fig. 9) is about 0.04 
A, the limit of error being about 0.1 A. The pyrimidine ring is planar. Four 
of the five atoms of the D-ribose ring lie nearly in a plane, the fifth, C3, lying 
about 0.5 A out of the plane. The two rings are nearly perpendicular to each 


y 














1.40 1.53 


1.35 


Fic. 9. Molecular dimensions and configuration of cytidine. 


other. Because of the biological importance of cytidine and the chemical 
significance of the ring systems involved, a precise analysis of its structure 
by three-dimensional methods is greatly to be desired. 

Normal aliphatic dicarboxylic acids —Morrison & Robertson have deter- 
mined the structures of several normal aliphatic dicarboxylic acids in an 
effort to obtain a correlation between the structure and the properties of 
these compounds. In all of the acids examined, the central carbon chain 
is planar, and the molecules are held end to end by strong hydrogen bonds 
between the terminal carboxyl groups. In the even (Con) series, comprising 
B-succinic® (33), adipic (34), and sebacic (35) acids, the molecules possess 
a center of symmetry at the center of the central C—C bond. In adipic and 
sebacic acid the planes of the carboxyl groups are inclined at 6° and 3° 
respectively to the plane of the C—C chain. In the odd-numbered C; glutaric 


’ The crystal modification which is stable at normal temperatures. 
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acid (36), on the other hand, the molecule has a two-fold axis rather than a 
center of symmetry; the plane of the carboxyl group deviates about 32° from 
the plane of the central carbon atoms, and the C—C bond lengths, which show 
slight alternating variations in the C2, series, are more nearly normal. Also, 
the lateral approach of its molecules is not as close as in the Cap acids, a 
point of difference which may be responsible for the relatively low melting 
point and soft texture of glutaric acid crystals. In an independent and less 
detailed determination of the structures of glutaric and pimelic acids, Mac- 





a b Cc d 


Fic. 10. Molecular dimensions of (a) succinic, (b) adipic, (c) sebacic, and (d) glu- 
taric acids. Cross indicates a center of symmetry, arrow a two-fold axis. 


Gillavry and co-workers (37) have suggested that the energy of the twist 
of the carboxyl group out of the molecular plane may be responsible for the 
differences observed in the properties of the odd and even members of the 
series. 

Although the variations in the C—C bond lengths (Fig. 10) are not great 
they are considered to be significant. The central bond of succinic acid 
is analogous to the central bond in dibenzyl. In both adipic and sebacic 
acids the central bond appears to have the normal length; the other bonds 
present a distinct although slight alternation of long and short lengths. 
Miscellaneous compounds.—The structure of the optically active form of 
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tartaric acid has been determined by Stern & Beevers (38) by two-dimension- 
al Fourier methods. The interatomic distances shown in Fig. 11 are probably 
accurate to within 0.05 A. The general configuration of the molecule is identi- 
cal with that found in Rochelle salt by Beevers & Hughes (39). The carbon 
and oxygen atoms of each half of the molecule lie close to a common plane; 
the planes of the two halves of the molecule make an angle of 63°+3° with 
each other. Parry (40) has found that in crystals of DL-tartaric acid hydrate 
the shape of the molecule is the same as that of the optically active form 
described above. 

Considerable evidence concerning the structure of calciferol has been 
obtained by Crowfoot & Dunitz (41) in their preliminary study of crystals 
of calciferol 4-iodo-5-nitrobenzoate. As in the analysis of cholesteryl iodide 
(42), the heavy iodine atom determined the phases required for calculating 





Fic. 11. Molecular dimensions and configuration of tartaric acid. 


a rough Fourier projection of electron density on the xz plane of the crystal. 
The latter was refined by the calculation of two further electron density 
projections to obtain the positions of the atoms shown in Fig. 12. 

Many stereochemical features of the calciferol structure are evident 
from this projection. The structure of calciferol deduced from chemical 
evidence (Fig. 12c) is certainly correct. Ring B of the sterol skeleton is broken 
and in this crystal the molecule has assumed an extended, uncurled configura- 
tion (Fig. 12b). Ring A appears to have the puckered chair form, and the 
evidence points to a trans fusion of rings C and D. The configurations about 
the asymmetric centers C3, Ci7, Coo are the same as those found in cholestery] 
iodide, and their relation to the new asymmetric center in calciferol at Cx is 
indicated. The y coordinate of the atoms and the details of the molecular 
configuration must await the completion of the three-dimensional x-ray 
analysis which is now in progress. 

In a study of palmityl- and stearylcholine iodides, Stora (43) was able 
to assign positions to the iodine atoms from two-dimensional Patterson 
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projections of interatomic vectors. Fourier projections of electron density 
made with phases determined by the iodine atoms showed the general posi- 
tion of the lath-shaped molecule, but they were two poorly resolved to give 
coordinates for the C, O, and N atoms. 

Bokhoven, Schoone & Bijvoet have determined the molecular configura- 
tion of strychnine by x-ray analysis of crystals of the isomorphous sulfate 
and selenate pentahydrates. Although final results are not yet available, 
preliminary descriptions of the structure (44) provide independent confirma- 
tion of the constitution assigned to strychnine on chemical grounds (45). 








Fic. 12. The electron density projection of calciferol 4-iodo-5-nitrobenzoate (a) com- 
pared with the calciferol skeleton (b), and its conventional representation (c). 


Robertson & Beevers (46) have also verified the chemical structure of strych- 
nine in the course of a three-dimensional analysis of strychnine hydrobromide 
which is in progress. 

On the basis of electron diffraction data, Bastiansen, Ellefson & Hassel 
(47) assigned the following configurations to five isomeric hexachlorocyclo- 
hexanes: a, e€xkkk; B, KKKKKK; ‘Y, €€€KKK; 5, ExKKKK; €, exxexk. Here € designates a 
C—Cl bond approximately perpendicular and x approximately parallel to 
the median plane of the puckered carbon ring. X-ray diffraction investiga- 
tions of crystals of the y (48), 6 (49), and € (50) isomers have confirmed 
these configurations. For the y-isomer Bijvoet and co-workers (48) deter- 
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mined the atomic positions by Fourier projections and refined them by the 
method of least squares. Bond angles are normal except for a bending of the 
1 and 3 C—Cl bonds caused by the close approach of the chlorine atoms. 


THE X-Ray CRYSTALLOGRAPHIC STUDY OF MACROMOLECULES 


Hemoglobin.—The recent advances in computational techniques which 
have made practicable the use of three-dimensional data for the precise 
determination of the structures of simpler organic molecules have given 
promise of corresponding usefulness in the analysis of crystals of proteins 
and other macromolecules. In these developments the work of Perutz and 
his associates is outstanding. For more than ten years they have been 
collecting and interpreting x-ray diffraction data from crystals of horse 
methemoglobin. Their conclusions regarding the dimensions of the methemo- 
globin molecule and its general arrangement in the unit cell of the crystal 
were reported in 1947 in a paper (51) already reviewed by Crowfoot (1). 
More recently, Perutz (52) has published the results of an analysis of the 
complete three-dimensional Patterson vector diagram of crystals of horse 
methemoglobin calculated by punched-card methods from the relative 
intensities of some 7000 x-ray reflections. Since the data do not include 
terms of less than 2.8 A spacing, the resolving power of the vector diagram 
does not extend to distances less than 1.7 A. Maxima in the vector diagram 
are therefore associated with vector distances separating masses of scattering 
matter of more than atomic dimensions, and even if a complete and correct 
interpretation of the Patterson diagram were achieved, individual atoms 
and interatomic distances would remain quite unresolved. 

From the results of the earlier investigation (51) it was inferred that in 
crystals of methemoglobin the molecule has the approximate shape of a 
cvlinder 34 A high and 57 A in diameter, and that the matter within the 
molecule is concentrated into four layers parallel to the base of the cylinder 
and about 9 A apart. Details of the three-dimensional Patterson diagram 
have been interpreted as indicating that the hemoglobin molecule contains 
parallel chains arranged in these layers; all chains are parallel to one another 
and to the base of the cylinder. The plane of the heme group is approximately 
normal to the direction of the chains. The distance from chain to chain is 
10.5 A, and there is a prominent vector of 5 A along the chains which sug- 
gests the presence of some sort of short range folding of the chain, perhaps 
of an a-keratin type. The x-ray data give no clue as to the nature of this 
possible short range fold within the polypeptide chains. Perutz has empha- 
sized the tentative character of the conclusions derived from the vector 
diagram. Regardless of the correctness of its conclusions, this investigation 
of methemoglobin is a highly significant contribution to the x-ray analysis 
of protein structures. Dornberger-Schiff (53) has proposed a molecule, based 
on Perutz data, which is also layered but of quite different shape. Kendrew 
& Perutz (54) have investigated crystals of methemoglobin obtained from 
adult sheep and from fetuses of different ages. Those from adult sheep belong 
to the monoclinic system. Hemoglobin from fetuses aged less than 120 days 
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crystallizes in two forms, monoclinic and orthorhombic, but there seems 
to be no doubt that the two kinds of crystals are modifications of the same 
protein. The experiments present strong evidence that fetal and adult 
hemoglobins in sheep are distinct chemical individuals and also indicate 
that a mixture of hemoglobins is present in fetuses aged more than 120 
days. 

Crystals of human carboxyhemoglobin have been photographed by 
Perutz & Weisz (55). They are orthorhombic with the molecules apparently 
arranged in a manner closely simulating cubic closest packing. The habit 
of these crystals is identical with that described by Drabkin (56) and 
classified by him as tetragonal. It may be that Drabkin was misled by the 
pseudo-tetragonal appearance of the orthorhombic crystals, or his crystals 
may be a different polymorphic modification.‘ 

Dervichian, Fournet & Guinier (57) measured the small-angle scattering 
of x-rays from intact horse red blood cells. They reported a diffraction maxi- 
mum corresponding to a Bragg spacing of 62 A, from which they concluded 
that the hemoglobin molecules in red cells are not arranged in a random 
fashion but that a mean distance between them is frequently realized. Perutz 
(58) has shown that this result is in accord with the concept of the contents 
of the red cell as a close packed arrangement of hydrated hemoglobin mole- 
cules having the dimensions found in crystals and complete freedom of 
rotation. In this arrangement, the average distance between the molecules 
would be 75 A, which is in accord with the Bragg spacing measured by the 
French workers. 

Riley & Herbert (59) have made measurements of low-angle x-ray scat- 
tering by highly concentrated solutions of human hemoglobin (57.9 per cent) 
and egg-albumin (42.4 per cent). For hemoglobin, Bragg spacings of 54.5 
and 32.5 A were observed. The authors have shown that on the assumption 
of a pseudolattice structure these spacings may be interpreted either as a 
close packed, partially ordered aggregation of cylindrical molecules having 
the dimensions assigned by Perutz to horse hemoglobin, or as a close packing 
of spheres. The data are inadequate as a basis for deciding between these 
models. 

Myoglobin.—Because of its low molecular weight (17,000) myoglobin 
appears to be a protein especially suitable for x-ray analysis. Unfortunately, 
good crystals are difficult to prepare. Nevertheless, Kendrew (60) has been 
able to obtain sufficient data from horse metmyoglobin to enable him to 
calculate two-dimensional Patterson vector diagrams from which he has 
drawn many conclusions regarding the probable arrangement of the polypep- 
tide chains and other structural features of the crystals. The vector projec- 
tions parallel to each of the three crystallographic axes show several striking 
details. Those parallel to the a and ¢ axes exhibit a layered structure from 
which it must be concluded that the contents of the cell include two parallel 
layers 15.4A apart and perpendicular to the b axis. The vector projection 
parallel to the b axis shows parallel rods of vector density which are con- 


* Note added in proof. Drabkin’s crystals have been examined by Perutz and were 
found to be indeed tetragonal (private communication from Professor Drabkin). 








sider 
each 
b axi 
dens 
cryst 
asso 
rest 
liqui 
to gi 
than 
be ce 
co-p 
wou 
wou 
tide 

7 
cule 
that 
hem 
ties 
port 

( 
by 1 
Bert 
dian 
Mez 
tive 
It n 
age 
the 
obtz 
whi 
and 
dati 
usec 
(13, 
obti 
dev 
whi 


mus 
larg 
liza 
of t 
wat 
troy 
uni! 





-e ims 
ame 
dult 
icate 

120 


| by 
ntly 
1a bit 

and 
’ the 
stals 


ring 
1axi- 
uded 
dom 
rutz 
fents 
nole- 
m_ of 
cules 
y the 


scat- 
cent) 
54.5 
»tion 
as a 
ving 
king 
these 


lobin 
tely, 
been 
m to 
- has 
‘pep- 
ojec- 
iking 
from 
rallel 
ction 
con- 
were 
mn). 








X-RAY STUDIES 145 


sidered to represent two sets of parallel polypeptide chains. The chains in 
each set are 9.5 A apart and make up one of the layers perpendicular to the 
b axis; they are built up of repeating units of period 5 A. Because the electron 
density inside a polypeptide chain is much higher than elsewhere in the 
crystal, the prominent features of the Patterson projections are primarily 
associated with the arrangement of the chains. The electron density of the 
rest of the molecule (the side chains) will differ much less from that of the 
liquid of crystallization. Hence the Patterson projections may be expected 
to give more information about the arrangement of the polypeptide chains 
than about the general shape of the molecule. Although the evidence cannot 
be considered conclusive, it points to a flat molecule made up of four parallel 
co-planar lengths of chain, each about 54 A long; the width of the molecule 
would be about 37 A and its thickness between 9 and 14 A. The heme group 
would be perpendicular to the plane of the molecule and also to the polypep- 
tide chains. 

The resemblance between this picture of the horse metmyoglobin mole- 
cule and that derived for the molecule of horse methemoglobin suggests 
that myoglobin may be analogous in structure to one of the four layers of 
hemoglobin and that this analogy is responsible for their similarity in proper- 
ties and physiological function, since their chemical compositions are re- 
ported to be quite different (61). 

Other proteins.—Several other crystalline proteins have been investigated 
by means of x-rays. Crystals of turnip yellow mosaic virus examined by 
Bernal & Carlisle (62) were found to be face-centered cubic, probably the 
diamond structure, the interparticle distance being 306 Ain the wet crystals. 
Measurements made on crystals which were nucleic acid-free and noninfec- 
tive indicated a molecule slightly larger than that containing nucleic acid. 
It may be that the nucleic acid holds the molecule in a tighter mass; shrink- 
age of the crystals on drying indicates that the nucleic acid has no effect on 
the forces holding the particles together. Carlisle & Dornberger (63) have 
obtained photographs from single crystals of tomato bushy-stunt virus 
which confirm the body-centered cubic structure assigned to both the wet 
and dry crystals by Bernal, Fankuchen & Riley (64) on the basis of powder 
data. X-ray data from air-dried crystals of lysozyme chloride have been 
used by Palmer and co-workers (65) to determine the molecular weight 
(13,900 + 600) of dry, chloride-free lysozyme. Senti & Warner (66) have 
obtained values for the molecular weight of B-lactoglobin: 35,400 (standard 
deviation, 400) from wet crystals and 35,600 from air-dried crystals for 
which the water content was not accurately known. 

Astbury and co-workers have continued their investigations of the 
muscle proteins (67). Of especial interest is tropomyosin (68), which forms 
large, birefringent crystals containing about 90 per cent of water of crystal- 
lization. Thus far no x-ray photographs have been obtained of single crystals 
of tropomyosin. Powder photographs of the moist crystals yielded only a 
water halo; air-dried crystals gave the disoriented a-pattern. Thin films of 
tropomyosin are shown by the electron microscope to consist of remarkably 
uniform fibrils, mostly about 200 to 300 A thick. They give the a-keratin 
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X-ray pattern, which can be transformed to the B-pattern by heating above 
80° and pressing between plates. 

The small angle x-ray pattern of highly oriented collagen fibers, such as 
kangaroo tail tendon, is characterized by about 20 reflections which have 
been ascribed to various orders of a fundamental spacing of about 640 4 
along the fiber axis (69). Wright (70) has found that if the water content of 
the fibers is varied by controlling the relative humidity, this spacing is 
altered from 628 A at 2 per cent relative humidity to 672 A at 100 per cent, 
and that this continuous increase in spacing is accompanied by drastic 
fluctuations in the relative intensities of the various orders. Apparently the 
uptake of water by collagen does not produce a uniform extension of the 
molecule. The observations suggest that the water alters the intermolecular 
packing of the molecules or that it produces non-uniform changes in the 
configuration of the molecule, such as the alteration of the spacing of certain 
atomic groups. 

Miscellaneous fibers—Closely allied to these investigations of fibrous 
proteins are several x-ray and infrared studies of synthetic polypeptides 
prepared from amino acids by the method of Woodward & Schramm (71). 
As yet, the data are meager and their interpretation is by no means sure. 
Astbury and his co-workers (72) have reported preliminary studies of 
polymers of glycine, D-, L-, and DL-isoleucine, L- and DL-alanine, pDL-phenyl- 
glycine, DL-phenylalanine, pL-norleucine and the following copolymers: 
glycine+DL-alanine, glycine+pL-phenylalanine, pDL-isoleucine-+DL-phenyl- 
alanine, D-leucine+DL-phenylalanine. Powder diagrams of the poly-pL-acids 
and of the copolymers resembled those obtained from §-keratin, etc., and 
from denatured proteins; those from poly-L-acids did not fit into this pattern. 
Bamford, Hanby & Happey (73) have photographed spun fibers of a copoly- 
mer (A) of L-glutamic-y-methyl ester with pL-phenylalanine. They propose 
for these polymers an a-protein structure, “ayy”, in which the 5.2 A spacing 
along the fiber axis corresponds to two folded amino acid residues. This 
interpretation has been severely criticized by Astbury (74). Transformation 
to a B-form could not be effected by stretching (73). In a later paper, Bam- 
ford and co-workers (75) reported that the x-ray pattern obtained from 
copolymer (A), above, depended upon the solvent from which the fiber was 
spun. In all of these x-ray diffraction studies of synthetic polypeptides the 
data are so few and so lacking in definiteness that conclusions drawn from 
them regarding the structures of these substances must be considered as 
highly speculative. 

Senti & Witnauer (76) have prepared and studied highly oriented fibers 
of crystalline addition compounds of amylose with lithium, sodium, potas- 
sium, ammonium, cesium, and guanidinium hydroxides. Their diffraction 
patterns indicate that these compounds are isomorphous; chemical analysis 
of those containing lithium, potassium and cesium hydroxides showed their 
composition to be MOH: 3C.H,00;-3H2O, and the x-ray evidence indicates 
that this formula represents the composition of the others also. All have the 
same spacing, 22.6 A, along the fiber axis, corresponding to an extension of 
six glucose residues. From the x-ray intensities for the lithium, potassium 
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and cesium compounds, Patterson interatomic vector diagrams were 
calculated from which approximate positions for the alkali atoms in the 
structure and a probable approximate orientation of the glucose rings could 
be derived. 
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NUCLEIC ACIDS, PURINES, AND PYRIMIDINES 


By J. BADDILEY 
The Lister Institute of Preventive Medicine, London, England 


The very considerable interest which has developed during recent years 
in both biological and chemical aspects of the nucleic acids and related sub- 
stances has shown no signs of decrease during the period covered by this 
review! and it is significant to note that reports on this subject have appeared 
annually for the last four years in the Annual Review of Biochemistry, 
whereas prior to 1948 one report each fourth year was generally sufficient. 
Perhaps the most noteworthy progress in this field during the last few years 
has resulted from application of partition and paper chromatography to 
the study of nucleic acid chemistry and has effected the disposal of the 
“repeating tetranucleotide”’ structure for nucleic acid so favoured by earlier 
workers. This, together with the general recognition that nucleic acids are 
unstable large molecules, has had a considerable influence on our experiments 
and reasoning about these substances. Improved processes of isolation for 
both nucleic acids and their degradation products have continued to appear 
and an approach has been made towards the study of their biogenesis. 
So far, much of the work on the physical properties of nucleic acids has given 
inconsistent or conflicting results, but this is perhaps not surprising in view 
of their high molecular weight and sensitivity to salts, solvents, and physical 
environment. Despite much effort in that direction, our knowledge of the 
nature of internucleotide linkages in both pentosenucleic and desoxy pentose- 
nucleic acids is remarkably scanty. It is to be hoped that some clarification 
on this point will be forthcoming in the near future. Progress has been made 
in the direction of nucleoside and nucleotide synthesis and we have now a 
better picture of the structural details of most of the common members of 
these groups. 


NUCLEOPROTEINS AND NUCLEIC ACIDS 
NUCLEOPROTEINS 


Desoxypentosenucleoprotein has been isolated from liver by Luck et al. 
(1) using a mild procedure which involved extraction with sodium chloride 
solution followed by precipitation. Its ready dissociation in solutions of high 
ionic strength was confirmed. The isolation of a nucleohistone from calf 
thymus has also been described and its physical properties investigated 
(2). Preparations of calf thymus desoxypentosenucleoprotein have been 
submitted to the action of cathepsin by Maver & Greco, who found that 
both protein and nucleic acid moieties were attacked (3). The action on the 
nucleic acid has been ascribed to the presence of intracellular nucleases in 
the cathepsin preparations (4).-A desoxypentosenucleoprotein (chromosin) 


' Approximately December, 1949 to November, 1950. 
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has been isolated by mild methods from bovine spleen and shown to be very 
heterogeneous. However, a water extraction method was developed which 
gave a product apparently homogeneous when studied by electrophoresis 
(5). It is believed that this preparation may be identical with genoprotein T 
of Stern et al. (6). Chargaff (7) has fractionated the nucleoprotein of the 
tubercle bacillus by a process depending on its insolubility at pH 4.3 and 
solubility in half-saturated ammonium sulphate. The nucleic acid was mainly 
of the desoxypentose type. Nucleoprotein from herring roes has been puri- 
fied by solvent treatment (8). 

Nucleic acid-protein complexes of artificial origin have been demon- 
strated and even isolated but the biological significance of such compounds 
is not clear. The formation of a water-insoluble complex of this type has 
been demonstrated between pentosenucleic acid and fibrinogen. It is soluble 
in dilute sodium chloride solution, and according to Wunderly, has a variable 
composition (9). It is not known whether the complex of avidin and desoxy- 
pentosenucleic acid isolated by Fraenkel-Conrat et al. from egg white is an 
artifact of isolation or not (10). The protective effect of salt-free sodium 
nucleate from thymus on the coagulation of egg albumin or horse and bovine 
serum albumin presumably involves a combination of this type. Greenstein 
& Hoyer have shown that it is only coagulation which is prevented and not 
denaturation (11). Similar complex formation may be involved in the obser- 
vation of Ohlmeyer that the phosphatase activity of prostate is reduced 
very considerably by the addition of nucleic acid and that this inhibition is 
reversed by the addition of proteins, which liberate the phosphatase from 
the nucleic acid. It is suggested that enzyme activity in cells might be gov- 
erned by such a process (12, 13). Also of interest in this connection are the 
studies on the precipitation of nucleoproteins by acridine antimalarials (14). 


NucLeic Acips 


Cytological and biological aspects—The mechanism of the gram staining 
process has been investigated by Mitchell & Moyle (15) who have presented 
evidence that there is no correlation between the pentosenucleic acid con- 
tent of an organism and its gram staining capacity. The existence of such a 
relationship had received previously a fairly wide measure of acceptance. 
Measurements of the ratio of pentosenucleic to desoxypentosenucleic acid 
in gram positive and negative organisms revealed no marked systematic 
differences for the two groups. However, examination of the nucleic acid 
content of the gram positive Micrococcus pyogenes var. aureus indicated the 
presence of about 30 per cent more ‘‘nucleic acid-’’phosphorus than could 
be expected as nucleic acid. Most of this phosphorus is thought to be present 
as an ester (XP) which accounts for more than 20 per cent of the total 
phosphorus of the organism. This ester, which is believed to be involved in 
the staining reaction, is stated to occur in all of a number of gram positive 
organisms investigated and absent in gram negative organisms. Good corre- 
lation was observed between the XP content and other characteristics of 
gram positive organisms. Jones, Muggleton & Stacey (16) are disinclined 
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to accept this view of the action of gram stain. They have presented further 
evidence that magnesium pentosenucleoprotein is involved and have shown 
that only a part of the pentosenucleic acid of the organism seems to be re- 
quired for positive staining. 

Staining techniques involving the use of basic dyes have been developed 
for the cytological demonstration of both types of nucleic acid (17). Kurnick 
(18) states that the methyl green-pyronine staining of tissue involves nucleic 
acids and a quantitative method has been developed on this basis for the 
determination of desoxypentosenucleic acid in cells (19). Kurnick & Mirsky 
(20) suggested that the dye attaches to the phosphate residues in nucleic 
acid in the ratio 1:10. Sulkin & Kuntz (21) substitute a perchloric acid 
extraction for ribonuclease digestion in the histochemical demonstration of 
pentosenucleic acid. 

Vendrely & Vendrely (22) have extended to birds and fishes their pre- 
vious important finding that the nuclei of somatic cells from animals of a 
single species contain constant amounts of desoxypentosenucleic acid and 
that it is possible to group species according to their absolute desoxypentose- 
nucleic acid content per nucleus. These relationships have been confirmed 
by Davidson and collaborators in the case of chick embryos and human bone 
marrow cells and have been utilised in a study of the rate of synthesis of 
protein, lipid, and pentosenucleic acid by taking the absolute content of 
desoxypentosenucleic acid per cell as a means of measuring rate of cell 
growth. Good agreement with other methods was obtained when the in- 
creasing cell number during growth was measured by the increase in desoxy- 
pentosenucleic acid in a tissue of known nuclear content (23, 24, 25). It 
is to be hoped that important information concerning the relationship be- 
tween nucleic acid and protein synthesis will be forthcoming from further 
application of these findings. Caldwell & Hinshelwood (26) have shown that 
the desoxypentosenucleic acid content of Bacillus lactis aerogenes cells is 
constant under a wide variety of conditions, whereas the pentosenucleic 
acid content varied widely. Although this work in no way suggests the 
existence of a bacterial nucleus, it does stress the importance of desoxy- 
pentosenucleic acid in cell division. Colchicine did not affect the desoxypen- 
tosenucleic acid content of the organisms, while m-cresol, which produces 
filamentous cells, did not alter the desoxypentosenucleic acid content if one 
considers a filament as being equal to a corresponding number of cells occupy- 
ing the same volume. These results suggest that m-cresol interferes with 
cell division at a stage after the completion of the nucleic acid structure 
but before the actual fission. Filaments produced by proflavin have a normal 
desoxy pentosenucleic acid content only if one assumes that a filament con- 
sists of a single cell and, therefore, these are complementary in nature to 
m-cresol filaments. 

Price (27), studying phage formation in Staphylococcus muscae, showed 
that infected cells synthesise less pentosenucleic but more desoxypentose- 
nucleic acid than do normal cells. This ratio was larger during the log phase 
of growth. Infected cells released nucleic acids into the medium. The desoxy- 
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pentosenucleic acid content of Proteus vulgaris was fairly constant whether 
growing rapidly, resting, or in the presence of cobalt ions, whereas the pen- 
tosenucleic acid content of this organism increased two or threefold 
during rapid growth. Cobalt prevented cell growth but allowed the pentose- 
nucleic acid content to rise (28) and caused a general increase in phosphate 
turnover in both types of nucleic acid (29). Sterigmatocystis nigra, when 
grown under unfavourable conditions, accumulates large amounts of pen- 
tosenucleic acid and this is claimed to interfere with the production of growth 
enzymes (30). Ogur & Rosen (31), studying the nucleic acid content of corn 
root tip meristem, developed a micromethod for separation and determina- 
tion of the two types of nucleic acids. The content of these in microsporocy tes, 
microspores, and pollen grains during meiosis was investigated (32). A 
decrease in cellular pentosenucleic acid but not desoxypentosenucleic acid 
has been observed to accompany a loss of virulence on storage of Ehrlich 
carcinoma in cellular ascitic fluid from mice (33). 

The rate of regeneration of nucleic acids and their distribution in tissues 
has been studied extensively by measurement of rate of incorporation of 
P*, Jeener & Szafarz (34) have investigated its incorporation into cytoplas- 
mic fractions of cells from rat liver, mice embryo, and Polytomella. Their 
observations seem to imply that the pentosenucleic acid which accompanies 
cytoplasmic particles is actually contained in them and not simply carried 
through with them during isolation. Results were consistent with the view 
that pentosenucleic acid is first synthesised in the nucleus then passes into 
the cytoplasm. The turnover rate appeared to vary considerably in different 
cytoplasmic particles and at different stages of cell growth (35, 36). The 
rate of turnover of nitrogen in the nucleic acid of fractionated cytoplasm 
has been studied by Reichard (37). He found no significant differences in 
this rate in different fractions of cytoplasm from rapidly regenerating liver 
cells of rats fed glycine containing N'. Although the experimental conditions 
employed by Reichard differed somewhat from those of Jeener, it is not clear 
why such conflicting results were obtained. Certain differences in chemical 
composition have been observed in the nucleic acid of separated fractions of 
cytoplasm (103), so it seems possible that more than one species of either 
type of nucleic acid may be present in a single cell. Hull & Kirk (38, 39) 
have examined the rate of change in nucleic acid contents of chick heart 
cultures. They consider that the rate of P** incorporation into desoxypentose- 
nucleic acid parallels that of mitosis and can be used as a measure of the latter 
(40). 

Geschwind, Li & Evans (41) note that hypophysectomy produces a 
decrease in pentosenucleic acid concentration in rat liver. This effect is 
prevented by administration of pituitary growth hormone. 

Skeggs et al. (42, 43) have shown that the inhibitory effect of pentose- 
nucleic acid on desoxypentosenucleic acid utilisation by Lactobacillus bifidus 
is also shown by adenosine-3’ and -5’ phosphates and guanylic acid. They 
suggest that the competitive effect might function in the cell for controlling 
cellular multiplication. 
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The antagonism between nucleic acids and sulphonamides is thought 
by Schopfer (44) to imply that p-aminobenzoic acid is involved in purine 
metabolism. 

Isolation——The mild isolation procedures described in earlier reports 
have been followed, sometimes with slight modification, for the preparation 
of most of the nucleic acid samples which have been submitted to the physi- 
cal measurements and chemical analyses discussed later in this review. 
Using these mild methods, Chargaff and associates have succeeded for the 
first time in isolating desoxypentosenucleic acid from human sperm. It was 
obtained in a fibrous, highly polymerised form (45). Pentosenucleic and 
desoxypentosenucleic acids have been isolated in a purified form from the 
separated nuclei of mouse liver cells (46). The great preponderance of desoxy- 
pentosenucleic over pentosenucleic acid in these nuclei renders the isolation 
of pure samples of the latter difficult. This difficulty has been overcome by 
the introduction of a mild extraction procedure whereby samples were 
obtained which consisted mainly of pentosenucleic acid. Further purification 
by usual methods could be applied at this stage. For the isolation of bacterial 
nucleic acids, pretreatment of the organisms with lysozome is claimed to 
facilitate the extraction (47). 

Desoxypentosenucleic acid of very high molecular weight (1—2 X10) 
has been prepared by Signer & Schwander (48). They were careful to prevent 
the action of nuclease during purification and effected repeated precipitation 
from salt solutions. After removal of protein the product was dried from 
the frozen state. 

Laland, Overend & Webb (49) have isolated desoxypentosenucleic acids 
from rye and wheat germ. Their method consisted in vigorous mechanical 
disintegration of the cells, followed by solvent and salt extractions and 
precipitations. 

Desreux (50) has shown that solubility curves, diffusion constants, and 
molecular weights (sedimentation constants) of pentosenucleic acids from 
Escherichia coli and yeast were very similar. The acid from pancreas, how- 
ever, differed in the values of these constants. Sedimentation and diffusion 
constants have been measured by Ogston (51) for a desoxypentosenucleic 
acid. Further investigations on the shape and particle size of desoxypentose- 
nucleic acids in solution have been carried out by measurement of dielectric 
properties (52), x-ray diffraction studies (53), and light scattering effects 
(54). Results are consistent with the proposal that the particles are rods of 
an unbranched type and are not random chains. Furberg (55) has suggested, 
from x-ray investigations on nucleotides, that desoxypentosenucleic acid 
may have the shape of either a spiral enclosing purine and pyrimidine rings 
or a zig-zag chain with these rings outside. 

The acid-base titration of desoxypentosenucleic acid has been studied 
by several workers (56, 57, 58). 

Physical properties and structure—Bacher & Allen have investigated 
the chemical and physical properties of pentosenucleic acid preparations 
obtained from various sources and by different means. Methods employed 
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for structural investigations were acid hydrolysis and the action of ribo- 
nuclease. Purified commercial samples of yeast ribonucleic acid were used in 
these experiments. The samples were somewhat heterogeneous as measured 
by the method of solubility diagrams, but sedimentation velocities and vis- 
cosity measurements indicated that they were composed largely of molecules 
of approximate molecular weight 6,500 (59). The rates of acid hydrolysis 
of phosphate from this yeast ribonucleic acid and a nucleic acid from pan- 
creas were compared with the hydrolysis rate of certain fragments obtained 
from the yeast nucleic acid by the action of ribonuclease, and also the four 
mononucleotides obtained from yeast nucleic acid. The initial rate of libera- 
tion of stable phosphate from yeast nucleic acid was similar to that from the 
pyrimidine nucleotides, while the labile phosphate was liberated at a rate 
very similar to that for adenosine-3’-phosphate and guanylic acid. It is 
suggested that during the hydrolysis of ribonucleic acid ribose-3 phosphate 
is liberated, the hydrolysis of which is the rate determining step in hydrolysis 
of the labile phosphate fraction (60). Further study of the action of ribo- 
nuclease indicated the complexity of the degradation. Dialysable fragments 
were found to be heterogeneous and as degradation proceeded the pyrimi- 
dine/purine ratio in the dialysate change considerably (61). In a study which 
involved the separation, by ion exchange and paper chromatography, of 
nucleotides obtained by the action of ribonuclease on pentosenucleic acid, 
Carter & Cohn (62) confirmed the suggestion of Schmidt et al. (63) that 
pyrimidine nucleotides are the principal, if not exclusive, mononucleotide 
products. Several polynucleotide fragments were separated. These findings 
do not agree with those of Loring & Carpenter (64), who isolated all four 
mononucleotides from ribonucleic acid. Allen and collaborators (65) have 
attempted to relate titration results on pentosenucleic acid and ribonuclease 
fragments to the presence of certain groupings in the nucleic acid molecule. 
They believe that the main action of the enzyme is to split bonds between 
sugar and phosphate liberating sugar hydroxyls and monoesters of phos- 
phoric acid. Appreciable quantities of monoester groups appear in both the 
residue and dialysate. The molecular weight of the residue from the action 
of ribonuclease on yeast nucleic acid varied between 2,000 and 6,500, while 
that from pancreas acid was approximately 10,000 (59). In connection with 
these studies it has been shown that pancreas nucleoprotein, the inter- 
mediate in the isolation of pancreas nucleic acid, contains a ribonuclease and 
consequently all previous preparations of this nucleic acid are probably 
degraded. When ribonuclease is removed prior to isolation the nucleic acid 
preparation is very similar in composition to yeast ribonucleic acid and no 
longer has a high guanine content (66). 

Kunitz (67) has reinvestigated the kinetics of the degradation of thymus 
desoxypentosenucleic acid with crystalline desoxyribonuclease. He _ has 
shown that most of the earlier findings with less pure enzyme preparations 
are still valid. The reaction obeys first order kinetics in dilute solution but 
not in a concentrated one and the nucleic acid is split into fragments ap- 
proaching the size of tetranucleotides. One acidic group per four atoms of 
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phosphorus is liberated. Optimum conditions for the reaction were ascer- 
tained. Jungner, Jungner & Allgén (68) have followed the degradation by 
measuring dielectric constants during reaction. They concluded that four 
stages are involved, namely: a rapid fission of the nucleic acid, a level period 
when small molecules are split, an acceleration of the reaction by the split 
products, a period when further reaction occurs but is not measurable by 
this method. Vercauteren (69) has shown that, although when desoxyribo- 
nuclease acts on nucleic acid solution there is an initial rapid fall in vis- 
cosity, the power of the acid to precipitate with methylene blue is not 
diminished. From this observation it was concluded that no extensive 
changes occur in the charge of the nucleic acid during the first stage of deg- 
radation and that internucleotide ester linkages or similar bonds are not 
split. However, evidence of this nature should be treated with some reserve. 

Zamenhof & Chargaff (70) have shown that the differences in chemical 
composition between desoxypentosenucleic acids from calf thymus and yeast 
are also reflected in marked differences in physical properties. It was found 
that while the limit of stability of the thymus nucleic acid is at pH 5.8, 
a gradual viscosity drop occurring at lower values, that for the yeast acid 
was pH 3.7, below which the viscosity decreased rapidly. Other differences 
in stability were observed. These authors consider that, while pure samples of 
nucleic acids prepared by mild procedures may retain many of the character- 
istics of the native materials, once depolymerised the original acids cannot 
be reconstituted. Though solutions of nucleic acids after degradation with 
acid, alkali, heat, etc., may regain high viscosity such samples are then 
artifacts and show different properties (e.g., thixotropy) from the originals. 

Action of x-rays, chemicals, etc-—The effect of x-rays and certain chemi- 
cals on the depolymerisation of nucleic acids has received some attention 
recently as having a possible bearing on the problem of cancer control by 
these agents. Butler e¢ al. have examined the effects of nitrogen mustard 
on solutions of desoxypentosenucleic acid from calf thymus (71). The large 
decrease in structural viscosity produced suggested a similarity between the 
action of this substance and that of x-rays. They suggest that the x-ray 
effect may arise through the formation of hydrogen peroxide or hydroxyl 
radicals in solution by the action of x-rays on water molecules. The formation 
of hydrogen peroxide under these conditions is well-known. It was shown 
that hydroxyl radicals, produced either by ultraviolet irradiation or the 
action of ferrous ions on hydrogen peroxide solutions were very effective 
in causing the depolymerisation of desoxypentosenucleic acid and it was 
thought that radiomimetic substances may behave in a similar manner 
(72, 73). The nature of the radicals formed by these substances has been 
discussed (74), and it was shown that the decrease in viscosity and streaming 
birefringence is accompanied by a decrease in molecular weight (75). Scholes, 
Stein & Weiss (76) have observed that large doses of x-rays cause deamina- 
tion of both types of nucleic acid, liberating ammonia, acid, bases, and nucle- 
osides. There were indications that pyrimidine or purine rings had been 
opened. This decomposition was thought to involve hydroxyl radicals and 
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it could be shown that hydrogen peroxide in the presence of ferrous ions 
liberated urea from desoxypentosenucleic acid and urea and guanidine from 
pentosenucleic acid. 

Scholes & Weiss (77) have extended the observations to the action of 
smaller doses of x-rays on solutions of desoxypentosenucleic acid in air, 
hydrogen, and vacuum. They conclude that hydrogen atoms, as well as 
hydroxyl radicals are probably effective, since in hydrogen, phosphate 
liberation was quite pronounced. Butler (78) also considered water activa- 
tion to account for the depolymerisation of desoxypentosenucleic acid by x 
or y-rays. No correlation could be ascertained between viscosity changes and 
particle size and shape. A molecular weight of 6.910* has been recorded 
(79) for a sample of desoxypentosenucleic acid which was stated to be little 
changed after treatment with sonic oscillation, x-rays, or hydrogen peroxide. 
Ultraviolet irradiation degraded samples of desoxypentosenucleic acid 
investigated by light-scattering methods (80). 

Of possible connection with the effects of colchicine on mitosis is the 
observation that this substance causes a decrease in the rate of dephos- 
phorylation of desoxyribonucleotides by desoxyribonuclease and also in 
the rate of deamination by deaminase (81). 

Ultrasonic irradiation of desoxypentosenucleic acid caused a rapid 
decrease in viscosity and presumably initiated structural changes. For this 
reason, ultrasonic irradiation should be avoided during the isolation of this 
acid from microorganisms (58). 


PYRIMIDINES, PURINES, NUCLEOSIDES, AND NUCLEOTIDES 


Chromatography.—The application of paper and partition chromato- 
graphy and also of ion exchange separation methods continues to advance 
in the nucleic acid field and this technique is now one of the most important 
available for the study of nucleic acid structure. Although much of its success 
so far has been in the identification and determination of the relatively simple 
fragments such as pyrimidines, purines, and the corresponding nucleosides 
and nucleotides obtained by degradation of nucleic acids, it is to be expected 
that application to the separation and identification of more complex frag- 
ments will be forthcoming. We might expect then to gain useful information 
on the mode of linkage and sequence of nucleoside units in the nucleic acids. 

Markham & Smith (82) have studied the relationship between structure 
and behaviour on paper of a number of pyrimidines, purines, and nucleosides. 
They showed that in the presence of ammonia those bearing amino groups 
moved much faster than those bearing hydroxyls. This effect was reduced 
or even reversed in the presence of acid. An increase in the number of hy- 
droxyl groups present caused a decrease in rate of movement. In general, 
pyrimidines moved faster than the corresponding purines, while ribosides 
moved slower than the free bases. Increasing methylation tended to increase 
the rate of movement. Ultraviolet photography was used for locating the 
position of the substances on the paper. Goeller & Sherry (83) have also 
described an apparatus for ultraviolet photography of paper chromato- 
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grams used in analysis of nucleic acid hydrolysates. Smith & Markham have 
applied their analytical method to an investigation of the structure of yeast 
ribonucleic acid (84). Hydrolysis with dilute hydrochloric acid at 100° was 
preferred to previous published methods and gave a mixture of purines and 
pyrimidine nucleotides. These were separated and determined by ultraviolet 
spectroscopy. The ratios obtained agreed well with those found by different 
methods. Perchloric acid has been used by Marshak & Vogel (85) for the 
hydrolysis of nucleic acid. In connection with such hydrolyses, Markham & 
Smith have pointed out that under the usual conditions employed for the 
hydrolysis of proteins prior to paper chromatographic analysis, nucleic 
acid, and purines, if present, are hydrolysed to glycine. This may be a source 
of error in protein analysis (86). These authors also investigated the composi- 
tion of nucleic acid from several strains of tobacco mosaic virus (87). The 
sugar component was identified as ribose and only the usual four bases were 
present. The proportions of these were found to be very similar in five strains 
examined but differed slightly in three others. A pentosenucleic acid has 
been isolated by Beale, Harris & Roe (88) from fowl sarcoma tissue and was 
hydrolysed in aqueous pyridine. The hydrolysis products, separated on a 
starch column, were tentatively identified as adenosine, guanosine, uridine, 
and cytidine together with other degradation products, e.g., adenine. Hy- 
drolysis with an acid phosphatase, however, was more satisfactory and an 
85 per cent recovery of the original nucleotide nitrogen was obtained in the 
form of the four nucleosides. The composition of this nucleic acid differed 
from those of yeast, liver, and pig pancreas as reported by other workers, 
purine nucleosides predominating. Wyatt (89, 90) has examined a number 
of samples of nucleic acids obtained from different sources and shown that, 
after formic acid hydrolysis, 5-methylcytosine was liberated from all those 
desoxypentosenucleic acids of animal origin and also from some isolated 
from plants but was absent from nucleic acids of viral or bacterial origin. 

Chargaff and his collaborators have continued their elegant studies on 
the precise determination of nucleic acid components. The composition of 
desoxypentosenucleic acids from human thymus, sperm, and liver (91) and 
bacteria (92) support their conclusions that two main types of nucleic acid 
exist; the “‘AT type” (adenine and thymine predominating) and the “GC 
type” (guanine and cytosine predominating). The former is present in 
animal tissues, yeast etc., while the latter occurs in bacteria. Further, it 
appears that desoxypentosenucleic acid has rather constant pyrimidine and 
purine composition within a species and differences exist from species to 
species. The pyrimidine-purine ratios were remarkably constant in desoxy- 
pentosenucleic acids isolated from different organs of man but differed quite 
significantly from the corresponding ratios in ox desoxypentosenucleic acid. 

Carter & Cohn have given details of their technique for the isolation of 
nucleotides, nucleosides, and other products from nucleic acid hydrolysis in 
which they effect separations on ion exchange resin columns. Mixtures of 
purines, pyrimidines, nucleosides, and nucleotides, obtained from yeast 
ribonucleic acid hydrolysates, have been separated in this way. The separated 
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substances were located by ultraviolet fluorescence. So called ‘‘yeast adenylic 
acid”’ as obtained from such a mixture was shown to consist of two sub- 
stances, the normal 3’-phosphate and an isomer believed to be the 2’ phos- 
phate (93). If the 2’-phosphate is not an artifact, then this finding should 
be of much importance in future considerations concerning the nature of the 
phosphate linkages in yeast nucleic acid. Strongly basic anion exchangers 
were used in these separations, the eluting solutions being buffered weak 
acids (94). Great simplicity is claimed in the separation and isolation of 
uridylic and cytidylic acids from yeast nucleic acid hydrolysates by these 
methods (95). Further ion exchange studies have shown that normal uridylic 
and cytidylic acids from nucleic acid hydrolysates are heterogeneous and iso- 
mers may be present. A desoxypentosenucleic acid hydrolysate contained, 
in addition to the four expected nucleotides, a small amount of a substance 
which was thought to contain 5-methylcytosine (96). The isomeric adenylic 
acid shows physical and chemical properties rather similar to those of yeast 
adenylic acid and this may account for its not having been discovered earlier. 
In this connection, it has been pointed out that the decomposition point and 
even specific rotation in acid of the 3’-phosphate are not good criteria of 
purity. The specific rotation in anhydrous formamide is stated to be more 
reliable (97). Using this criterion samples of commercial yeast adenylic 
acid were shown to contain impurities, possibly including the 2’ phosphate. 
Loring and collaborators (98) have succeeded in isolating an isomer of 
cytidylic acid from a hydrolysate of ribonucleic acid obtained from yeast. 
It was separated from the cytidylic acid fraction by a phosphotungstate 
fractionation procedure. This isomer was not the 5’-phosphate, since no 
reaction was observed with periodate and it agreed in physical properties 
with the synthetic cytidine-2’-phosphate of Gulland & Smith (99). However, 
this synthetic phosphate is now thought to be an impure preparation of the 
5’-phosphate (see later) so the question of the exact structure of the natural 
isomer is still unsettled. 

Chargaff et al. (100) have developed a process for the separation and 
quantitative determination of ribonucleotides on paper, using aqueous 
isobutyric acid buffered with ammonium isobutyrate as solvent. Yeast 
adenylic acid was separated from muscle adenylic acid and also from guanyl- 
lic, cytidylic, and uridylic acids. When all four nucleotide constituents of yeast 
ribonucleic acid were to be separated, guanylic and uridylic acids shared the 
same position on the chromatogram but an indirect spectroscopic procedure 
permitted the individual determination of these two substances. Quantities 
varying between 8 and 70 yg. could be separated and -determined. The 
nucleotides were located on paper by observation in ultraviolet light and 
effects of pH variation on such separations were examined and discussed. 
The method has been applied to a study of the composition of pentosenucleic 
acids isolated from various sources. Samples of these acids were submitted 
to mild alkaline or acid hydrolysis and the resulting mixture of nucleotides 
or free bases separated and analysed. It was shown that, in contrast to yeast 
ribonucleic acid, preparations of pentosenucleic acid from pig_ pancreas, 
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liver of pig, sheep, ox, and man (including carcinoma) showed a high guanylic 
acid content. In most liver nucleic acid samples a high cytidylic acid content 
was also observed (101). Similarly, in a study of the composition of pentose- 
nucleic acids from dog liver, wheat germ, and yeast, which involved ion 
exchange resin separation of hydrolysis fragments, Pircio & Cerecedo (102) 
concluded that the yeast and wheat germ acids were of similar composition 
but that from dog liver contained a marked excess of cytosine. Desoxy- 
pentosenucleic acids from fish sperm and calf thymus were also examined. 
Fairley, Seagran & Loring (103) have shown that pentosenucleic acid iso- 
lated from cytoplasmic granules of beef pancreas cells contain guanine and 
adenine in a ratio of 1.6:1 and cytidylic acid and uridylic acid in a ratio of 
1.3:1, both ratios being less than the corresponding ones for pentosenucleic 
acid isolated from the whole pancreas. 

Cohn & Price (104) and Cohn & Carter (105) have used both ion ex- 
change and paper chromatography for the separation of muscle adenylic 
acid, adenosine diphosphate and adenosine triphosphate from mixtures. 
Quantitative separations were effected both from each other and from ade- 
nine and adenosine, if present. The method was considered suitable for the 
preparation of these nucleotides and for the analysis of commercial samples. 
Paper chromatography has been used by Hanes & Isherwood (106) for 
the separation of impurities from crude adenosine triphosphate and for the 
separation of this from sugar phosphates. Carter (107) has investigated the 
decomposition of diphosphopyridine nucleotide in ultraviolet light by means 
of paper chromatography. He showed that rupture of both nucleoside and 
nucleotide linkages occurred, one product being adenine. Although muscle 
adenylic acid and adenosine were not affected, adenosine triphosphate was 
split to adenine. It appears that the pyrophosphate linkage labilises the 
nucleoside linkage. 

Counter current distribution has been applied successfully to the sepa- 
ration of nucleotides (108). In order to effect solubility of the phosphates in 
the organic layer, a long-chain fatty amine was incorporated into the system. 
In this way it was possible to determine distribution coefficients for a number 
of mono- and dinucleotides. 

Laboratory preparation.—A number of the separations described in the 
previous section which involve the use of ion exchange resins have been 
used for the preparation of nucleosides and nucleotides on the laboratory 
scale. They are convenient in operation and highly effective and should find 
wide application. 

The aqueous pyridine hydrolysis of yeast ribonucleic acid is still one of 
the most popular methods for the preparation of quantities of adenosine, 
guanosine, uridine, and cytidine. Elmore (109) has described an improved 
method for the separation and isolation of the pyrimidine nucleoside com- 
ponents of such a hydrolysis mixture. The hydrolysis of residual amounts of 
purine nucleosides, which is usually performed on the mother-liquors after 
removal of the main quantity of these, was delayed until the uridine had been 
isolated. The pyrimidine nucleosides were separate on an ion exchange resin 








160 BADDILEY 


column under conditions described before (110, 111, 112). As an alternative 
to aqueous pyridine hydrolysis Dimroth, Jaenicke & Heinzel (113) suggest 
the use of lead hydroxide at pH 7 for the conversion of ribonucleic acid to 
nucleosides. Yields were stated to be comparable with those obtained by the 
earlier method. Good yields of adenosine and guanosine were also obtained 
when hydrolysis wes effected with zinc hydroxide. The hydrolysis of uridylic 
and cytidylic acids to the corresponding nucleosides was effected by Bacher & 
Allen (114) through heating at pH 10 in the presence of lanthanum nitrate. 
A 95 per cent yield was obtained. Brady (115) has isolated thymidine from 
desoxypentosenucleic acid hydrolysates by utilising its solubility in alcohol 
and acetone. 

Brown & Lythgoe (116), in their studies on desoxyribonucleosides, 
supplemented the chromatographic method of Schindler (117) by ion ex- 
change separation for the isolation of pyrimidine and purine desoxyribosides. 
A complete resolution of the two pyrimidine desoxyribosides was achieved, 
allowing cytosine desoxyriboside to be obtained pure directly, without the 
need for a preliminary isolation of the picrate as in Schindler’s method. 

An improved method for the isolation of diphosphopyridine nucleotide 
from yeast has been described by Clark, Dounce & Stotz (118). The process 
is based on earlier procedures and involves solvent extraction and charcoal 
adsorption. From 10 lbs. of baker’s yeast 500 to 600 mg. diphosphopyridine 
nucleotide was obtained having 85 per cent purity and containing only a 
trace of triphosphopyridine nucleotide. LePage & Mueller (119) isolated 
triphosphopyridine nucleotide from pork liver (500 mg. from 15 kg. liver) 
by adsorption on charcoal and elution with dilute pyridine. Further precipi- 
tation and chromatography on charcoal gave a pure product. 

Bredereck, v. Schuh & Martini (120) have given details for the prepara- 
tion of xanthine in quantity. Methods are described for the conversion of 
nucleic acid, guanosine, or uric acid into xanthine and also its synthesis 
from 4,5-diaminouracil. 

New nucleosides and nucleotides—In addition to the isomeric adenylic 
acid and other nucleotides described recently and discussed under Chromatog- 
raphy, several important new nucleosides and nucleotides have been recog- 
nised. One of these has been isolated from a desoxypentosenucleic acid 
hydrolysate and has been identified by Dekker & Todd (121) as uracil 
desoxyriboside. It was found that from an enzymatic hydrolysate of com- 
mercial desoxypentosenucleic acid from herring sperm, in addition to the 
four expected desoxynucleosides a fifth was present. It was demonstrated 
by paper chromatography and isolated by partition on a powdered cellulose 
column. It could be shown that it was not present in intact desoxypentose- 
nucleic acid since the latter, on formic acid hydrolysis, gave ro uracil. It 
was concluded that uracil desoxyriboside must have arisen through bacterial 
deamination of cytosine desoxyriboside during the isolation. Another com- 
mercial preparation of desoxypentosenucleic acid was found to give the 
uracil desoxyriboside even on formic acid hydrolysis. Since it is known that 
uracil is not a normal component of such nucleic acid, bacterial contamina- 
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tion during preparation of the nucleic acid must have been responsible for 
its occurrence. 

Spongothymidine, a new thymine pentoside, has been isolated by Berg- 
mann & Feeney (122) from the sponge Cryptotethia. On hydrolysis it yielded 
thymine and the sugar residue was recognised as a pentofuranoside by perio- 
date titration and the formation of a triacetate. It was thought to be a xylo- 
furanoside. 

The coenzyme required for the conversion of galactose-1-phosphate into 
glucose-1-phosphate has been isolated by Caputto, Leloir, Cardini & Paladini 
(123, 124) and called uridine-diphosphate-glucose (I) as a result of their ob- 
servations on its structure. Hydrolysis gave uridine, glucose, and two mols. 
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of phosphate while electrometric titration indicated the presence of two 
primary and no secondary phosphate groups. The glucose residue was readily 
hydrolysed, liberating a secondary phosphate group and another was liber- 
ated on hydrolysis of the labile phosphate residue. Periodate titration and 
rate of phosphate hydrolysis of the uridine phosphate obtained from the 
coenzyme were consistent with its formulation as the 5’-phosphate. On the 
basis of these observations the above formula was proposed for uridine-di- 
phosphate-glucose. 

Labile phosphate derivatives of uracil have been isolated by Park (125) 
from penicillin-treated Staphyllococcus aureus. They were thought to be 
normal cell components accumulating through some blocking action of the 
‘penicillin. 

Structure of nucleosides and nucleotides—The location of the thiomethyl 
group in adenylthiomethylpentose has been established by Satoh & Makino 
(126), from a study of the action of periodate on the nucleoside, the free 
sugar, and the reduced sugar. Since the nucleoside gave a positive Boeseken 
reaction, a cis-glycol grouping must be present and the sugar residue must 
have the ribose configuration. 

Weygand, using a new method of aldose degradation involving the reac- 
tion between an aldose oxime and 2,4-dinitrofluorobenzene, has confirmed 
the structure of thiomethylpentose obtained by hydrolysis of the nucleoside 
(127). Degradation of 6-thiomethyl-d-glucose gave 5-thiomethyl-d-arabinose, 
the osazone of which was identical with that of the natural thiomethy]l- 
pentose. The thiomethylpentose must then be 5-thiomethyl-d-ribose. The 
configuration about the glycosidic centre in the nucleoside has not yet been 
established. 


Proof of the furanose structure for the 2’-desoxyribosides of guanine, 
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hypoxanthine, cytosine, and thymine has been obtained by Brown & Lythgoe 
(116). The pyrimidine desoxyribosides consumed only a very small amount 
of periodate, in agreement with their formulation as 2’-desoxyribofurano- 
sides, but the purine desoxyribosides, in which the glycoside linkage is con- 
siderably less stable, consumed periodate slowly, indicating gradual hy- 
drolysis. 

Furberg (128) has studied the detailed structures of a number of nucleo- 
sides by x-ray diffraction methods on single crystals. The complete crystal 
structure of cytidine was determined by two-dimensional. Fourier synthesis. 
He was able to confirm that cytidine is cytosine-3-8-d-ribofuranoside, as 
had been established already by chemical methods. In addition, it was shown 
that the planar pyrimidine ring and the nonplanar ribose ring are linked 
perpendicular to each other with the central glycoside bond in the plane of 
the pyrimidine ring. Preliminary investigations on adenosine, guanosine, 
and uridine indicate that these nucleosides conform to the same general 
pattern as cytidine. Of interest was the observation that the distance be- 
tween C, of the pyrimidine ring and the oxygen on C’; of the ribose was ab- 
normally short and suggested the presence of a bond of the hydrogen bond 
type which may have arisen through a polarisation of the group at Cy. 
The suggested intra-molecular bond may have some bearing on the well- 
known stability of pyrimidine nucleosides towards hydrolysis. In dihydro- 
cytidine, which is readily hydrolysed, the —CH.— group in the pyrimidine 
ring can hardly be expected to polarise to any extent and so a bond of the 
type found between C, and the oxygen on C’s in cytidine would not arise 
in this compound. 

It has been suggested by Banga & Josepovits (129, 130) that during the 
dephosphorylation of adenosine triphosphate by myosin and other muscle 
proteins an isomer of adenosine diphosphate is formed together with a 
dinucleotide. The adenosine diphosphate isomer is stated to bear a phos- 
phoryl substituent on the amino group, but Bailey (131) considers the sug- 
gestion of the existence of this isomer unwarranted. A more complex form of 
adenosine triphosphate is thought to exist in plants. Albaum, Ogur & 
Hirschfeld (132) presented evidence for the existence of this in mung 
beans. It appeared to be highly unstable, readily giving rise to adenosine 
triphosphate. The toxic muscle preparation, myotoxin, has been found to 
consist largely of the magnesium salt of adenosine triphosphate (133). 

The structure of the reduced forms of the pyridine nucleotides has been 
discussed by Ciusa & Nebbia (134). The method of molecular orbitals was 
used to show that in pyridine derivatives bearing substituents at position 
3 the most electropositive centre is at position 2 and so it was considered that 
the latter is the most probable position involved in hydrogenation. 

Weber (135) has concluded from studies on the fluorescence of flavin 
derivatives that an internal complex exists in flavin-adenine-dinucleotide 
between the adenine and flavin parts. This complex, like those formed by 
purines and flavins, is nonfluorescent and is considered to be in equilibrium 
with the fluorescent form in which internal complexes are absent. 
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Ultraviolet absorption spectra have been correlated with structure in 
the case of a number of substituted purines and pyrimidines by Cavalieri 
& Bendich (136). Results support their previous view that the main chromo- 
phores in such substances are C=C—C=N and C=C—C=O. In a similar 
way, the infrared absorption spectra of pyrimidines and purines have been 
used to elucidate certain structural features existing in the solid state. 
Blout & Fields (137) conclude from these studies that the oxygen in cytosine 
is completely bound to hydrogen, either as a hydroxyl or through inter- 
molecular hydrogen bonding. The methyl group in thymine prevents com- 
plete hydrogen bonding of both oxygen atoms. 

The pinacol formula for alloxantine is favoured now by Moubasher & 
Othman (138) in view of its close similarity in properties with hydrindantine. 
The latter was shown by Schénberg & Moubasher (139) to be a pinacol and 
the conversion of alloxan to alloxantine by sunlight is consistent with this 
type of formulation. The reaction between alloxantine and amines and amino 
acids gave aldehydes. 

Determination—Bailey (131) has shown that calcium, barium, and 
sodium salts of adenosinetriphosphate decompose quite markedly, even 
when stored at 0°, giving inorganic pyrophosphate. Yeast pyrophosphate 
is recommended for determination of the extent of this decomposition. Assays 
of adenosine di- and triphosphate by myosin adenosinetriphosphatase and 
myokinase and also by potato apyrase were not considered very successful 
in view of the slow hydrolysis of adenosine triphosphate in the later stages of 
the former method and the sensitivity of the latter to impurities. Adenosine 
triphosphate was precipitated quantitatively from aqueous solution by 
benzidine and could be recovered without loss by decomposition of the salt 
with sulphuric acid. Appreciable hydrolysis of adenosinetriphosphate in 5 
per cent trichloroacetic acid was observed by Bernhard & Rosenbloom 
(140). For the determination of adenosinedi- and triphosphate and adenylic 
acid on the micro scale, Albaum & Lipshitz (141) have used the combined 
enzymatic spectrophotometric methods of Kalckar. Coenzyme I was also 
determined by these methods. When applied to blood, it was shown that 
most of the adenine nucleotides were present as adenosinetriphosphate, 
little or no diphosphate or adenylic acid being detected (142). 

A colorimetric method for the determination of adenine has been de- 
cribed by Woodhouse (143). The purine was reduced with zinc and sulphuric 
acid, the resulting amine diazotised and coupled with N-(1-naphthyl)ethyl- 
enediamine. The colour produced was measured in a spectrophotometer. 
An accuracy of 5 per cent was claimed on 80 ug. samples. The adenine in 
nucleosides, nucleotides, and yeast ribonucleic acid was determined. A rapid 
and sensitive method was developed by Williams (144) for the determination 
of xanthine and guanine in urine. This micromethod involves precipitation 
as copper salts followed by solution and colorimetric determination. The 
cytosine and thymine content of desoxypentosenucleic acid from fish sperm 
and thymus were determined by Pircio & Cerecedo (145) by colorimetric 
methods. 
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Microbiological methods have been applied for the determination of 
pyrimidines, e.g., uracil, cytosine, and thymine (146, 147) and applied to the 
analysis of nucleic acid hydrolysates. 

Synthesis—The synthesis of purines from a-aminonitriles through imi- 
dazoles has been continued by Cook and collaborators (148, 149, 150). 
The earlier route which led to the synthesis of xanthines and hypoxanthines 
has been modified in order to include some natural xanthine derivatives and 
aminopurines. 1-Methylxanthine (III) was obtained by cyclising the ap- 
propriate imidazole according to the scheme:— 
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Paraxanthine (1,7-dimethylxanthine) was prepared in a similar way from 
the methylated imidazolethioureide. Synthesis of 8-phenyl and 8-benzyl 
homologues of paraxanthine was obtained by the same general route. The 
use of urea instead of an isocyanate for the synthesis of the necessary imi- 
dazole derivatives was not very satisfactory. By the action of phosphoryl 
chloride then alkali on imidazoles of the type shown in formula IV 6-amino- 
purines (V) were obtained. 
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This reaction appeared to be general and a number of substituted 6- 
aminopurines was synthesised. Earlier observations (151) that 5-amino-4- 
imidazolecarboxamides condense with formic acid to give purines unsub- 
stituted at position 2 have been extended. Besides adenine and other 6- 
aminopurines, 2-aminopurines can be prepared by these methods. A ready 
synthesis of guanines was effected by cyclising imidazoles bearing thioureido 
substituents, e.g., VI, with methylamine in the presence of mercuric oxide. 
Similarly, 8-aminopurines have been prepared by a cyclisation of appropriate 
5-methylthioureidopyrimidines. Purines have also been synthesised from 
imidazoles by Shaw (152). Hypoxanthine was obtained by condensing 5- 
amino-4-imidazolecarboxamide with formic acid, by cyclising 5-formamido- 
4-imidazolecarboxamide in bicarbonate or directly from formamidomalon- 
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amidine and formamide. When the above amino compound was heated 
with urea, xanthine was formed. A synthesis of 4-amino-5-imidazolecarbox- 
amidine (VII), a substance reported recently by Brown and collaborators 
(153) as a hydrolytic degradation product of adenine, was obtained from 
malondiamidine. The formylated compound was cyclised in bicarbonate 
solution to adenine. When (VII) was heated with urea or phosgene isogua- 
nine was obtained (152, 153). 
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Adenine labelled with C™ is of considerable importance in studies on 
purine metabolism and nucleic acid biogenesis. The incorporation of iso- 
tope into Cs, although highly desirable since this could be effected at a late 
stage in the synthesis and so avoid waste of isotope, has presented difficulty. 
Cavalieri & Brown (154) cyclised 4,6-diamino-5-formamidopyrimidine sul- 
phate containing isotopic carbon in the formamido group. However, in 
formamide as solvent, an extensive exchange between the formamido group 
and solvent occurred. Clark & Kalckar (155) observed a similar interchange 
in dimethylformamide but in 4-formylmorpholine no significant loss of iso- 
tope was observed and an excellent yield of 8 C'-adenine was obtained. Other 
labelled purines and pyrimidines have been synthesised in connection with 
nucleic acid biogenesis (201, 207, 210). 

Todd and collaborators have continued the application of their general 
synthetic routes to the purine nucleosides. Both the pyranose and furanose 
forms of 9-d-galactosido-2-methylthioadenine have been prepared (156). 
The furanoside synthesis was attempted in order to test the view that 
previous failures in such syntheses in the pentose series had arisen through 
the too high reactivity of the 5-acylpentofuranoses employed. The galacto- 
pyranoside was prepared by the usual methods developed in this work and 
was required for comparison with the furanoside. The latter was obtained in 
poor yield from 2,3,5,6-tetraacetyl-d-galactofuranose and the appropriate 
pyrimidine by similar methods. A considerable tendency to isomerisation 
to the pyranosides was observed at some stages in the synthesis. The prepa- 
ration of 9-glycosidoguanines from the appropriate glycosidaminopyrimi- 
dines by these methods has not yet met with success (157). Aminopyrimi- 
dines bearing a 2-amino or other group at that position and consequently 
capable of prototropic change will not glycosidise and hence are unsuitable 
for the synthesis of purine glycosides. Attempts were made to replace ac- 
ceptable substituents at position 2 by amino in suitable pyrimidines and 
purines, but this was found to be impracticable. A route to glycosidoguanines 
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through the isoguanines, although tedious, was considered feasible and meth- 
ods were developed for the conversion of 2-methylthioadenine and its 
9-methyl analogue into the corresponding hydroxy compounds, isoguanine 
and 9-methylisoguanine. Application of one of these methods to 9-d-glucopy- 
ranosido-2-methylthioadenine gave 9-d-glucopyranosidoisoguanine. 

Bristow & Lythgoe (158) have synthesised 1,2,3,5-tetraacetyl-d-arabo- 
furanose and converted it into an acetobromo compound. The latter reacted 
with theophylline silver and gave theophylline-7-d-arabofuranoside. This 
formulation was established by periodate titration and comparison of the 
split product with those obtained from other synthetic glycosides. Similarly, 
9-a-d-arabofuranosidoadenine was obtained by reaction with 2,8-dichloro- 
adenine silver followed by deacetylation and dehalogenation. The formation 
of a-glycosides suggests that the acetobromo compound has the 6-configura- 
tion. Since these arabinosides contain a trans-a-glycol system, they may be 
capable of giving rise to 2’,3’-anhydro compounds which may be of use in 
the synthesis of desoxyglycosides. The d-xylofuranosides of theophylline 
and adenine were synthesised in a similar way from 1,2,3,5-tetraacetyl-d- 
xylofuranose (159). 

Possible routes to the synthesis of desoxynucleosides have been explored 
by Davoll & Lythgoe (160). Triacetyl-2-desoxy-d-ribose was treated with 
hydrogen chloride and the product, on reaction with theophylline silver, 
gave a small amount of the acetylated desoxyribopyranoside. A mixture of 
isomers was obtained by addition of hydrogen bromide to diacetyl-d-arabinal 
(VIII, R =acetyl) followed by condensation of the product with theophylline 
silver. One was identical with the product from the first method and the other 
was an optical isomer. From periodate and optical rotation studies it was 
considered that these were a- and f-forms of 2’-desoxy-d-ribopyranosido- 
theophylline. These isomers were also obtained by condensing theophylline 
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silver with the product of addition of chlorine to (VIII), deacetylating and 
replacing the chlorine on C2’ by hydrogen. 

Newmark, Goodman & Dittmer (161) have shown by periodate titration 
that all the pyrimidine nucleosides which they had synthesised previously 
possessed the pyranose structure. As these nucleosides showed no growth 
promoting effects on Neurospora crassa and E. coli pyrimidine nucleoside- 
requiring mutants, it was concluded that the known biological activity of 
uridine and cytidine is dependent in part on the furanoside structure. 

In an approach towards the synthesis of cozymase, Haynes & Todd 
(162) have synthesised a number of nicotinamide glycosides. Quaternary 
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salts were prepared from nicotinamide and acetohalogen-derivatives of d- 
mannopyranose, d-galactopyranose and d-ribofuranose and the d-glucose 
and lJ-arabinose derivatives described by Karrer et al. (163) were also pre- 
pared. Quaternary salt formation and dehydrohalogenation were simul- 
taneous competing reactions and, in order to ensure the former, low reaction 
temperatures were recommended. Acetobromo-sugars possessing a 1,2- 
trans configuration, e.g., mannose and ribose series, were particularly suscep- 
tible to dehydrohalogenation. The product from nicotinamide and aceto- 
bromo-d-ribofuranose was reduced to the dihydro compound and deacety- 
lated. The resulting dihydronicotinamide-d-ribofuranoside (IX) was believed 
to be identical with the dihydronicotinamide nucleoside isclated from co- 
zymase by enzymatic hydrolysis. 
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IX 


The possibility that in the synthesis of adenosine triphosphate of Bad- 
diley, Michelson & Todd (164) a small amount of the isomeric triphosphate 
(X) might have been formed as a by-product, prompted Michelson & Todd 
(165) to attempt the synthesis of this compound. However, when the disilver 
salt of adenosine-5’-phosphate reacted with 2 mols. of dibenzyl chlorophos- 
phonate and the product hydrogenated to remove benzyl groups the linear 
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adenosinetriphosphate was obtained. The most probable explanation of the 
rearrangement which must have occurred is that a cyclic intermediate, 
e.g., XI, or a partly benzylated analogue, is produced and this subsequently 
opens by hydration to the linear form. The possible biological significance 
of such cyclic forms of adenosine triphosphate was discussed. 

Michelson & Todd (166) have developed unambiguous syntheses for the 
following nucleotides: yeast adenylic acid, guanosine-5’-phosphate, uridylic 
acid, uridine-5’-phosphate, and cytidine-5’-phosphate. The methods em- 
ployed involved selective protection of sugar hydroxyl groups followed by 
phosphorylation with dibenzyl chlorophosphonate or phosphoryl chloride 
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and removal of protecting groups by hydrogenation and hydrolysis. These 
unambiguous syntheses of the 3’-phosphates give conclusive proof of the 
structure of the natural nucleotides of adenosine, uridine, and cytidine de- 
rived from yeast ribonucleic acid. During the course of this work the ben- 
zylidine derivatives of adenosine and guanosine were phosphorylated and 
the protecting groups subsequently removed. The products were described 
as adenosine-2’-phosphate and guanosine-2’-phosphate. Brown, Haynes & 
Todd (167) have now shown, however, that the nucleotides described as 
adenosine-2’-phosphate and cytidine-2’-phosphate are in fact mainly the 
5’-phosphates. The properties of the cytidine-2’-phosphate of Gulland & 
Smith (168) are in agreement with the new isomeric cytidylic acid (98), 
which was found free from cytidine-5’-phosphate. There seems to be little 
doubt, however, that the compounds described as guanosine-2’-phosphate 
and uridine-2’-phosphate are in fact 5’-phosphates. The origin of 5’-phos- 
phates in these syntheses is not clear, and there is considerable uncertainty 
whether or not a nucleoside-2’-phosphate has been synthesised yet. Previous 
considerations of nucleic acid structure based on observed rates of hydrolysis 
of synthetic ‘‘2’-phosphates”’ are, therefore, invalid. 

In a general study of phosphorylation, Clark & Todd (169, 170) have 
considered the possible mechanism of the selective monodebenzylation of 
phosphoric and pyrophosphoric esters with the aid of tertiary bases (171), 
a reaction of importance in nucelotide synthesis. The influence of structure 
on the capacity of an amine to debenzylate such esters was examined and 
it was found that base hydrochlorides, quaternary salts, and anions in general 
were effective. The use of lithium chloride was advocated for effecting mono- 
debenzylation. 

Chemistry of ribose and desoxy sugars——The increased interest in nucleic 
acids has initiated to some extent a renewed attack on the general chemistry 
of ribose and desoxy-sugars. Zinner has investigated the acetylation of ribose 
with acetic anhydride and states that at elevated temperatures ribose is 
converted into 6-tetraacetyl-d-ribofuranose (172). This is of considerable 
interest in view of its ready conversion into acetobromoribofuranose, and 
consequent value in the synthesis of nucleosides. The structure of the dian- 
hydride of ribose has been discussed by Barker & Lock (173) and details 
have been published by Hardegger ef al. for the preparation of crystalline 
methyl, benzyl, and ethylene mercaptals of d-ribose (174). These crystalline 
derivatives are formed quite easily and may be useful for identification pur- 
poses. Léw (175) has described the conversion on a micro scale of ribose, 
obtained for example from a ribonucleic acid hydrolysate, into furfural 
then by silver oxide oxidation into furoic acid. The furoic acid was purified 
by micro sublimation. This technique was applied to the problem of the 
biological origin of ribose in which isotopically labelled intermediates were 
involved. 

Barker (176) has used a colorimetric method for pentoses in the determi- 
nation of carbohydrate residues in pentosenucleic acid. The total pentose 
on both purines and pyrimidines was determined in this way. Turchini 
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(177) has described colorimetric tests for the detection of ribose and desoxy- 
ribose in tissues. An improved synthesis of d-ribofuranose-5-phosphate has 
been described by Michelson & Todd (166). 

Details have been published by Friedkin (178) for the isolation of desoxy- 
ribose-1-phosphate as its crystalline cyclohexylamine salt. This was obtained 
from the reversible enzymatic phosphorolysis of guanine desoxyriboside 
(179, 180). It was very labile under acid conditions, breaking down to desoxy- 
ribose and phosphate. 

Stacey and collaborators have continued their studies on desoxy-sugars 
and further evidence has been presented to show that the Dische reaction 
involves the formation of w-hydroxylaevulaldehyde (181). It was shown that 
2-desoxyxylose also gives this aldehyde and it is believed that the reaction 
is general for 2-desoxy-sugars. Overend, Shafizadeh & Stacey (182) synthe- 
sised 2-desoxy-d-galactose by the glycal method and investigated its proper- 
ties which were similar to those of other 2-desoxy-hexoses and -pentoses. 
Methyl-glycopyranosides and -furanosides of this sugar were prepared. 
The synthesis of 2-desoxy-sugar anilides has been obtained (183) and their 
rates of acid hydrolysis measured. Both 2-desoxy-N-hexosides and -pento- 
sides were shown to be very unstable, less stable in fact than the correspond- 
ing O-desoxy-glycosides. Didesoxyhexosides were also unstable to hydrolysis. 

Kent (184) isolated d-desoxyribose in the form of its crystalline dibenzyl- 
mercaptal by hydrolysis of desoxyribonucleic acid isolated from calf thymus. 

Growth inhibitors—Hitchings and collaborators have tested a large num- 
ber of pyrimidine and purine derivatives as growth inhibitors for certain 
organisms. The general assumption underlying this work is that certain 
essential processes taking place in the organisms involve the participation 
of nucleic acids and these may be interrupted or otherwise adversely affected 
by the presence of structurally related unnatural pyrimidines or purines 
which may block nucleic acid synthesis. Some confirmation of these views 
has come from the work. For example, growth of the typhoid bacillus is 
strongly inhibited by 2-methylthioadenine in the presence of beef or similar 
extracts. It could be shown by paper chromatography that two substances 
were present in beef extract which were essential for the manifestation of 
this effect (185). For most of these observations, however, Lactobacillus casei 
was used as test organism, growing in a medium containing folic acid, thy- 
mine, and adenine in varying amounts. In the presence of excess thymine 
a number of unnatural purines inhibited growth while natural ones had a 
stimulating effect. Nucleosides and nucleotides were inactive but certain 
methylated purines stimulated growth (186). Competitive inhibition was 
observed between thymine and 5-bromo- or 5-aminouracil, folic acid and 5- 
nitrouracil, and uracil and 5-hydroxyuracil (187). It was found that 2,6- 
diaminopurine was strongly inhibitory and was considered to act as an ade- 
nine antagonist (188, 189). It is not clear how this observation is to be inter- 
preted, since this purine has been shown (see later) to be utilised by rats for 
the production of guanine in pentosenucleic acid. Roberts et al. (190) have 
shown that 5-chlorouridine inhibits the growth of a uracil-requiring strain 
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of Neurospora crassa and 5-chlorouracil inhibited the tubercle bacillus, possi- 
bly by a similar antagonism. 


BIOGENESIS OF NUCLEIC ACIDS 


The application of tracer methods to the problem of the biological origin 
of nucleic acids has proceeded at a considerable pace. Particularly noteworthy 
in this field are the contributions of Hammarsten and his colleagues in 
Sweden and of Brown and associates in America. Both groups of workers 
have confined themselves, so far, to experiments involving in the main the 
feeding of labeled pyrimidines and purines or simpler molecules, e.g., glycine, 
and examining their resultant distribution in the nucleic acids formed. In 
this way it has been possible to show in a number of cases what simple build- 
ing units and what pyrimidines and purines are involved, but the nature of 
the intermediate stages concerned in the formation of the pyrimidine and 
purine rings is still unknown. It is not clear what part, if any, the nucleoside 
phosphorylases play in the biological incorporation of purines into nucleic 
acid. Kalckar (191) has pointed out that studies with these enzymes are not 
in agreement with isotope studies in this respect, and is of the opinion that 
the nucleoside phosphorylases may not be involved in nucleic acid synthesis. 

Certain of the seemingly conflicting observations on incorporation of 
purines, pyrimidines, and their precursors into nucleic acids have now been 
reconciled by further detailed study, but there still remain a few apparently 
contradictory or inconsistent observations. Brown (192) has reviewed the 
position as it is at the moment and discussed some related problems. The 
earlier statement (193) that dietary adenine was incorporated into nucleic 
acid was based on observations from mixed nucleic acids extracted from tis- 
sues. These experiments have been repeated with the separation of both 
types of nucleic acid and it could be demonstrated that in the adult rat in- 
corporation of adenine is almost entirely into the purines of the pentose- 
nucleic acids (194). This is now consistent with the finding of Reichard (195) 
that adenine was not generally utilised for desoxypentosenucleic acid syn- 
thesis. However, in rapidly dividing cells, e.g., liver cells in partially 
hepatectomised rats, adenine was utilised in desoxyribonucleic acid produc- 
tion. This adenine uptake ceased when the tissue stopped vigorous growth. 
Brown favours the view that desoxypentosenucleic acid is synthesised rapidly 
during mitosis and after that is no longer in dynamic equilibrium with 
other cell constituents. This may be of some significance in connection with 
the physical permanence of the gene. 

Guanine is not utilised by rats for nucleic acid production, but Brown 
and co-workers (196) have shown that mice of the C 57 black strain do in- 
corporate guanine to a small extent into polynucleotide guanine. Guanosine, 
like guanine, is ineffective in nucleic acid synthesis in rats. This was shown 
by Hammarsten & Reichard (197) by feeding N™ labelled guanosine to rats. 
The guanosine was prepared by administration of ammonia containing N” 
to E. coli, isolating the resulting nucleic acid from the organism then hy- 
drolysing to guanosine. These results are in marked contrast to those ob- 
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tained from adenine feeding experiments, where adenine is incorporated not 
only into polynucleotide adenine but also into polynucleotide guanine. 
Barry, Banks & Koch (198) prepared labelled adenine from bicarbonate 
containing Cin a similar way to that described above for guanosine. When 
this adenine was administered to E. coli, it was converted completely into 
the adenine and guanine fractions of the cellular constituents. Formate was 
found to be incorporated into nucleic acid adenine in yeast (200), but it 
was shown that the turnover of adenine was much faster in the nucleotides 
than in the nucleic acids. These observations, and also those of Di Carlo 
et al. (199) and Edmonds et al. (200) that yeasts can, like rats, convert 
administered glycine into nucleic acid might suggest some general pattern 
in nucleic acid synthesis. However, the differences observed already between 
the purine metabolism of rats and mice should act as a fair warning against 
hasty generalisations. 

In an effort to discover the nature of the chief precursors of guanine 
Bendich, Furst & Brown (201) administered a number of labelled purine 
derivatives to rats. Neither hypoxanthine, xanthine, nor isoguanine were 
utilised in this way, but the unnatural 2,6-diaminopurine was incorporated 
into nucleic acid guanine to about the same extent as was adenine. These 
experiments were checked with 2,6-diaminopurine containing either N'™® 
or C8, Since guanine itself is not utilised in this way by rats, these workers 
suggest that adenine may be first aminated to 2,6-diaminopurine which is 
then converted to a guanine derivative. Free guanine could not have been 
formed, however. The diaminopurine was utilised for the production of 
both pentose- and desoxypentosenucleic acids. 

Further evidence has been presented on the nature of the early precursors 
of purine rings. By feeding labeled serine to pigeons, Elwyn & Sprinson (202) 
have shown that, in accordance with the equilibrium, serine—glycine+for- 
mate, the nitrogen atom of serine was incorporated into N; of uric acid while 
the B-carbon appeared at C, and Cg, having been converted initially to for- 
mate. The carboxyl of administered acetate was not incorporated at C2 or 
Cs, in disagreement with the earlier findings of Buchanan and collaborators 
(203). Schulman, Buchanan & Miller (204) have shown also that these early 
findings were incorrect and ascribe the apparent incorporation of acetate 
carboxyl into these positions as arising from the presence of labeled formate 
impurity in the acetate. These authors also showed that in pigeon liver homo- 
genates labelled 4-amino-5-imidazolecarboxamide was converted into hypo- 
xanthine. Furthermore, labelled glycine and formate were incorporated into 
hypoxanthine in vitro at a rate comparable to imidazole utilisation. Also, 
labelled uric acid was excreted by pigeons to which had been administered 
the labelled imidazole. These observations would seem to support the view 
that the imidazole derivative is an intermediate in purine synthesis under 
certain conditions, but other workers are disinclined to accept this view. 
Greenberg (205) states that it is not an intermediate in the above system and 
has presented evidence that the synthesis of hypoxanthine in pigeon liver 
involves the following overall reaction: NHs3, COs, glycine, formic acid, 
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ribose-phosphate — intermediates— inosinic acid — hypoxanthine + ribose- 
phosphate. This mechanism was based on measurements of rate of incorpora- 
tion of isotopes and dilution experiments. The accumulation of an inter- 
mediate of unknown constitution was suspected when glycine was supplied 
without formate. Gots (206), examining the accumulation of 4-amino-5- 
imidazolecarboxamide in E. coli growing in the presence of sulfonamides, 
and observing the effects on this accumulation of a variety of vitamins and 
purines, concludes that these experiments do not support the hypothesis that 
the imidazole is a normal purine intermediate. 

When adenine is fed in large doses to mammals, extensive crystalline 
deposits of 2,8-dihydroxyadenine appear in the kidneys. Brown and collabo- 
rators (207) fed large doses of isotopically labeled adenine to rats and found 
that the 2,8-dihydroxyadenine deposited in the kidneys was derived from 
this adenine with very little dilution of isotope. They also found that iso- 
guanine (2-hydroxyadenine) and 8-hydroxyadenine were both deposited 
as 2,8-dihydroxyadenine, again with very little dilution. Thus, it was not 
possible to determine at which position oxidation first occurred. 

In contrast to the purines, the pyrimidines found in nucleic acids are not 
utilised by adult rats when furnished in the diet. Injection of pyrimidine 
nucleosides, however, does result in their incorporation into nucleic acid, 
as has been shown by both the Swedish and American workers. Hammarsten, 
Reichard & Saluste (208) have extended their earlier experiments and sepa- 
rated desoxypentose- and pentosenucleic acid produced by rats after injec- 
tion of labeled nucleosides. They concluded that cytidine was a good pre- 
cursor for both types of nucleic acid. In the pentosenucleic acid the purines 
were not formed from cytidine, whereas the desoxypentosenucleic acid 
purines did arise to a significant extent from this nucleoside. The pyrimidine 
ring of cytidine appeared in all the pyrimidines of both types of nucleic acid 
and so it seems that the rat is capable of converting ribose to desoxyribose 
when attached to cytosine. This conversion, which must have occurred with 
the nucleoside linkage intact, since cytosine itself is not utilised, provides 
evidence that the glycoside linkage in the desoxynucleosides is at Ns, as it is 
in the pyrimidine ribonucleosides. Furthermore, since pyrimidine ribonucleo- 
sides are B-glycosides, then this interconversion suggests to the reviewer that 
the desoxynucleosides have a similar B-configuration. The possibility of a 
Walden inversion at C,’ during reduction at C2’ would seem rather remote. 

Further evidence in support of the interconvertibility of pyrimidine resi- 
dues in nucleic acids has been presented by Elwyn & Sprinson (209). After 
feeding labelled glycine and serine to rats, isotope was incorporated into 
pyrimidines and purines of the nucleic acids. Analysis of the thymine re- 
vealed that 90 per cent of its isotope content was located in the methy! 
group. Since very little isotope was present at Cs, a direct methylation of 
cytidine to thymidine was suggested. 

Bendich, Green & Brown (210) have fed labeled 2,4-diaminopyrimidine 
to rats in order to study the fate of this typical representative of a class 
which exhibits profound biochemical reactivity. Although it was absorbed 
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readily, it was not incorporated into nucleic acids, nor was it converted to 
urea, ammonia, or allantoin. 

A method for determining isotope distribution between N, and Ng in 
uridine has been described by Lagerkvist (211). The acetylated nucleoside 
was converted to its 1-methyl derivative by reaction with diazomethane. 
Hydrolysis gave 1-methyluracil which was oxidised by potassium permanga- 
nate. N; was isolated as ammonia and N, as methylamine. These were sepa- 
rated on a starch column. This technique should prove valuable in isotope 
studies on nucleic acid metabolism. 

The biological origin of the ribose present in nucleic acids is still unknown. 
Cohen & McNair Scott (212) have been able to confirm the earlier observa- 
tions of Dickens (213) that the enzymatic degradation of 6-phosphogluconic 
acid gives, among other products, a pentose-phosphate which may be 
ribose-5-phosphate. Dickens & Glock (214) have shown that the enzyme 
system involved is highly active and, therefore, probably of some importance. 
Léw (175) has shown that after feeding carboxyl labeled glycine to rats, a 
high level of isotope was present in the ribose of nucleic acid. Since this level 
was high compared with that found in the proteins, a significant synthesis 
of ribose from glycine was indicated. 


REVIEWS 


During the period covered by this review a number of articles have ap- 
peared on different aspects of the chemistry and biology of nucleic acids, 
nucleotides, and related topics. They are briefly: chemistry and enzymology 
of nucleic acids [Schlenk (215)], degradation and structure of nucleic acids 
[Chargaff (216)], structure of nucleic acids [Jordan (217)], localisation and 
function [Brachet (218)], nucleic acids in bacterial cells [Léonardi (219)], 
biological action of nucleotides [Green & Stoner (220)], synthesis of adenine 
nucleotides [Baddiley (221)], synthesis of purines [Cook & Heilbron (222)], 
chromatography of pyrimidines and purines [Elsden (223)], and biogenesis 
of nucleic acids [Brown (192)]. 
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LIPID METABOLISM! 


By SAMUEL GURIN AND Dana I. CRANDALL 
Department of Physiological Chemistry, University of Pennsylvania, Philadelphia, 
and Department of Biological Chemistry, University of 
Cincinnati, Cincinnati 


OXIDATION OF LIPIDS 


Hepatic.—Evidence for the location in the mitochondria of the enzyme 
system which catalyzes the oxidation of fatty acids to 2-carbon units has 
been previously reviewed (1). To date, no attempt to separate the enzymatic 
components of this system has been reported. 

Witter, Newcomb & Stotz (2) have attempted to evaluate various deriva- 
tives of hexanoic acid as possible intermediates in its oxidation by washed 
liver homogenates. The rates of oxidation of B-hydroxyhexanoate, B-keto- 
hexanoate, 2A-hexenoate, B-hydroxy-y-hexenoate, a,8-dihydroxyhexanoate, 
sorbate, and triacetate were compared with that of hexanoate. Triacetate 
and a,8-dihydroxyhexanoate were inactive. Upon addition of a heat-treated 
extract of liver, the system oxidized sorbate as rapidly as hexanoate, while 
the oxidation rates of B-keto-, and B-hydroxyhexanoate, as well as B-hydroxy- 
y-hexenoate were increased somewhat. The active unsaturated acids were 
shown to be similar to hexanoic acid in their dependence upon the presence 
of adenine nucleotides for oxidation. 

Kennedy & Lehninger (3) have shown that oleic, linoleic, linolenic, 
elaidic, and vaccenic acids are oxidized as readily as palmitic acid in the 
presence of isolated rat liver mitochondria, and that oleate required the same 
co-factors for its oxidation as did the saturated acids. 

It has been previously shown that inorganic phosphate, adenine nucleo- 
tides, and a catalytic trace of malate or oxaloacetate are required for the 
activity of this system, and that maintenance of the initial adenosinetri- 
phosphate (ATP) level and an increased turnover of esterified P*®? (in the 
presence of H,P*2O,_) accompany fatty acid oxidation (4). Johnson & Lardy 
(5) have reported a net increase in esterified phosphate accompanying fatty 
acid oxidation. Although negative results were obtained with rat tissues, 
these authors observed an increase in the phosphate ester level when acetate, 
butyrate, crotonate, and caprylate were oxidized by rabbit kidney particles 
in the presence of 0.003 M fumarate. The phosphate uptake accompanying 
these oxidations differed from that associated with the oxidation of aceto- 
acetate and B-hydroxybutyrate in being fluoride-sensitive. This uptake was 
interpreted as a process specifically related to the oxidation of the fatty acid 
chain. 

A study of the phosphate requirements for acetoacetate production from 
hexanoic, 2-hexenoic, sorbic, and B-hydroxy- and B-ketohexanoic acid by 


1 The survey of the literature pertaining to this review was concluded in December 
1950. 
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washed rat liver particles has been reported by Witter (6). In contrast to the 
other acids whose rates of oxidation were markedly reduced by lowering the 
concentration of inorganic phosphate from 0.01 to 0.0003 M, the rate of 
oxidation of B-ketohexanoic acid was completely independent of the phos- 
phate concentration within this range, suggesting the possibility that in- 
organic phosphate is involved specifically in the conversion of fatty acids to 
their B-keto analogues. Additional indication of the localization of aerobic 
phosphorylation steps to oxidations of the fatty acid chain itself is suggested 
by Witter’s observation that dinitrophenol inhibits acetoacetate formation 
from sorbate but not from pyruvate. The issue is somewhat confused, how- 
ever, by the essentially identical adenylic acid requirements observed for the 
production of acetoacetate from all of these acids (2, 7, 8). O’Connell & 
Stotz (9) have demonstrated the ATP-dependent oxidation of phospholipids 
in whole homogenates of rat liver. Unlike fatty acids which gave rise to 
acetoacetate under these conditions, phospholipids did not. The homogenates 
were shown to dehydrogenate phospholipid in the presence of ATP in a 
Thunberg tube. The aerobic reaction, however, was not accompanied by an 
increase in phospholipid iodine number. 

Fantl & Lincoln (10) have reported on the conversion of margaric, pal- 
mitic, and myristic to 8-heptadecenoic, palmitoleic, and myristoleic acids 
respectively by a rat liver dehydrogenase which requires adenylic or inosinic 
acid as a coenzyme but neither inorganic phosphate nor diphosphopyridine 
nucelotide (DPN). Similar results by Lang and others have been reviewed 
previously by Stadie (11). Adenosine is also active as a co-phosphorylase as 
well as a co-desaturase (12). 

Kuck (13) has presented evidence that the endogenous oxidation of lino- 
lenic acid in liver homogenates, as indicated by a thiobarbituric acid color 
test (14), is not catalyzed by the fatty acid oxidase system in the mito- 
chondria. 

Studies with isotopically labeled fatty acids have led to an extension of 
the B-oxidation-condensation hypothesis originally proposed by MacKay 
et al. (15) and supported by the experiments of Weinhouse, Medes & Floyd 
(16) in which doubly labeled acetoacetate was shown to arise from carboxyl- 
labeled octanoate in liver tissue. 

The report by Crandall & Gurin (17) that acetoacetate containing signitfi- 
cantly more labeled carbon in the carboxyl than in the carbonyl position 
resulted when either carboxyl- or B-labeled octanoate was incubated with 
washed homogenates of rat liver, and the subsequent demonstration by 
Crandall, Brady & Gurin (18) that predominantly carbonyl-labeled aceto- 
acetate arose from ¢-labeled octanoate led these authors to postulate the 
production of two species of 2-carbon units during the oxidation of octanoate. 
Quantitative consideration of the data led to the conclusion that the first 
six carbons of octanoate give rise to identical 2-carbon units (primary frag- 
ments) whereas the 7th and 8th carbons yield a different type of fragment 
(terminal fragment) which is almost exclusively an acetylating agent. Pyru- 
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vate and acetate were shown to give rise to 2-carbon units which appeared to 
be identical with the primary fragments derived from fatty acids, and it 
was proposed that the preponderance of isotope in the carboxyl position of 
acetoacetate derived from carboxyl-labeled fatty acids should progressively 
diminish as the chain length of the fatty acid is increased. This proposed 
relationship has been verified with a series of carboxyl-labeled fatty acids by 
Geyer, Cunningham & Pendergrast (19) who have confirmed the experiments 
with carboxyl and B-labeled octanoate. 

These results appear to be related to the observations of Weinhouse, 
Millington & Volk (20), Kennedy & Lehninger (3), and of Geyer & Cunning- 
ham (21) that long chain fatty acids such as palmitic acid give rise upon in- 
cubation with liver tissue to more carbon dioxide and less acetoacetate 
than does octanoic. Kennedy and Lehninger propose that this difference is 
merely quantitative in view of their evidence that the simultaneous diminu- 
tion of acetoacetate formation and increase in carbon dioxide-production is 
a progressive change which occurs as the chain length of even-numbered 
fatty acids is increased from Cg, to Cis. They offer an explanation of this 
phenomenon based on the demonstrated formation of two species of 2-carbon 
units during the oxidation of octanoic acid (18) by proposing that all of the 
even-numbered fatty acids produce a single 2-carbon unit from the methyl 
end which differs from the remaining C.-units (primary fragments) in being 
“relatively unreactive toward oxaloacetate but very reactive in forming 
acetoacetate.”” A consequence of this assumption is that all even-numbered 
fatty acids, regardless of chain length, might give rise to a minimum of 1 
mole of acetoacetate in the presence of oxaloacetate in liver tissue. In all of 
these studies involving even-numbered fatty acids of varying chain lengths 
(3, 20, 21), the yield of acetoacetate was not less than this minimal value. 

Direct indication that the terminal fragment derived from fatty acids 
does not condense with oxaloacetate as readily as the primary fragments 
do is provided by Lorber, Cook & Meyer (22) in their study of the incorpora- 
tion of labeled carbon into liver glycogen following the administration of 
7-C4, 1-C® octanoic acid to rats. The percentage of administered C™ re- 
covered from the liver glycogen was significantly higher than the percentage 
of C4 recovered. Since the incorporation of fatty acid carbon into glycogen 
has been shown to occur via the citric acid cycle (23, 24), these results 
indicate that the terminal 2-carbon unit derived from octanoate does not 
enter the cycle as readily as the primary 2-carbon units do. 

According to this concept, the hepatic oxidation of carboxyl-labeled 
odd-numbered fatty acids of all chain lengths should result in the formation 
of uniformly low yields of symmetrically labeled acetoacetate, since these 
acids have been shown to give rise to a terminal C3 rather than a Cy unit 
(25). 

Kennedy & Lehninger (3) and Geyer & Cunningham (21) have found that 
the proportions of carbon dioxide and acetoacetate formed from a series 
of odd-numbered fatty acids were essentially independent of chain length, 
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and similar to the proportions obtained with long chain even-numbered 
fatty acids. However, the acetoacetate formed in experiments with carboxyl- 
labeled odd-numbered acids was found by Geyer, Cunningham & Pender- 
grast (19) to contain a preponderance of isotope in the carboxyl position 
which varied inversely with chain length to the same degree and extent as 
did the acetoacetate formed with a series of even-numbered fatty acids. 
Geyer et al. (19) suggest the possibility that the terminal 3-carbon unit 
derived from odd-numbered fatty acids may undergo a limited degradation 
into the terminal C.-compound derived from even-numbered fatty acids. 

The terminal C3 unit derived from odd-numbered fatty acids has been 
shown to be mainly propionic acid in the case of valeric acid by Atchley 
(26). Siegel (27) administered 4-C™, 1-C'* valerate to rats and found that 
the distribution of C' among the carbons of liver glycogen was identical 
with the distribution found by Lorber, Lifson, Sakami & Wood (28) who 
reported a similar experiment with a-labeled propionate. In the latter 
experiment, an equal incorporation of isotopic carbon was observed in 
positions 1, 2, 5, and 6 of the liver glycogen following administration of 
both a- and B-labeled propionate indicating complete randomization of the 
a- and B-carbons of propionate prior to glycogen formation. In contrast, 83 
per cent randomization was observed in similar experiments with a- and 
B-labeled lactate (29). Had the labeled lactate been infused slowly at a rate 
comparable to its production from labeled propionate, it is possible that 
complete randomization of the a- and B-carbons between positions 1, 2, 5, 
and 6 might have resulted. 

The rate of oxidation of octanoate by liver homogenates of leukemic 
mice has been observed by Vestling, Williams, Kaufman & Quastler (30) 
to be approximately one half of the rate in control homogenates prepared 
from normal mice. 

The oxidation of fatty acids has been recently reviewed by Lehninger 
(31) and by Breusch (32). 

Extra-hepatic and in vivo.—The oxidation of palmitic acid by a series of 
extra-hepatic tissues has been demonstrated by Weinhouse, Millington & 
Volk (20) in homogenized pigeon breast muscle and heart, rat heart, and rat 
kidney. Homogenates of rat skeletal muscle and brain were inactive. Geyer, 
Cunningham & Pendergrast (19, 21) have compared the oxidation of car- 
boxyl-labeled fatty acids in liver and kidney slices. In contrast to the 
results obtained with liver slices (described above), much more of the 
labeled carboxyl group was converted to carbon dioxide, much less to aceto- 
acetate, and almost identical proportions of carbon dioxide and acetoacetate 
were obtained from both odd- and even-numbered fatty acids of varying 
chain lengths in the presence of kidney slices. The acetoacetate formed in 
the kidney slices was almost purely carboxyl-labeled suggesting that the 
limited quantities produced by kidney were formed exclusively by the 
acetylation of primary fragments by fragments of the terminal type. The 
conversion of the a-carbon of octanoate to carbon dioxide was found to be 
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considerably slower than that of its carboxyl- or B-carbons in both kidney 
and liver slices. The authors point out that theoretically the a-carbon of a 
2-carbon fragment may not be converted to carbon dioxide as rapidly as the 
carboxyl carbon following the entry of the fragment into the citric acid cycle. 
A comparison of rates of conversion of carbons 1, 6, and 11 of palmitic 
acid to carbon dioxide in the intact rat by Weinman, Chaikoff, Dauben, 
Gee & Entenman (33) failed to disclose any difference in the rates of oxida- 
tion of these carbons, and was interpreted by the authors as evidence that 
the entire chain of a fatty acid molecule is rapidly disrupted during oxidation. 

In an attempt to measure the extent of direct oxidation of fatty acids by 
extra-hepatic tissues in the intact animal, Goldman, Chaikoff, Reinhardt, 
Entenman & Dauben (34) injected emulsified carboxyl-labeled tripalmitin 
into normal and liverless dogs. The liverless dogs produced less than 40 
per cent of the labeled carbon dioxide yielded by normal dogs under the 
same experimental conditions. The authors take into consideration the fact 
that in the liverless dogs the plasma fatty acid level was significantly higher 
than in normal dogs and conclude that the extent of direct oxidation of 
fatty acids by the extra-hepatic tissues of the normal animal is probably 
less than 40 per cent of the total fatty acids oxidized. 

Janes & Brady (35) have reported a 10-fold increase in the ketonuria of 
normal fasted rats following the daily injection of from 5 to 50 mg. of 
niacin. Several nicotinic acid compounds have been studied for their ketogenic 
action in diabetic rats (36). 

The oxidation of some fatty acids and their esters by the crystalline lens 
of the scorbutic guinea pig has been reported to occur irregularly by Pig- 
nalosa (37). Bernheim & Zauder (38) have shown that prior treatment of 
rats with adrenocorticotropic hormone increases the color value obtained 
when thiobarbituric acid is added to trichloroacetic acid filtrates of aerobi- 
cally incubated brain homogenates, suggesting increased linolenic acid oxi- 
dation. 

Merlini (39) has reported on the oxidation of C;—C; saturated fatty acids 
by rabbit auricle. The more rapid oxidation of methyl esters of these fatty 
acids than their sodium salts was interpreted as evidence for omega oxida- 
tion. 

BIOSYNTHESIS OF LIPIDS 


Precursors of fatty acids —Evidence continues to accumulate that only 
those substances capable of being degraded to acetate or 2-carbon fragments 
are utilized by mammalian tissue for the biosynthesis of long chain fatty 
acids. Two mechanisms for this biosynthesis have been postulated: (a) self- 
condensation of 2-carbon fragments to furnish all of the carbon atoms of 
fatty acids, and (b) the condensation of 2-carbon fragments with long chain 
fatty acids (or related metabolites) thereby increasing the chain length by 
two carbons. 

Studies performed in vitro with surviving liver slices (mainly rats) indi- 
cate that the following precursors labeled with C' or C' are incorporated 
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in varying degree into long chain fatty acids; acetate, acetaldehyde, acetone, 
pyruvate, glucose, butyric, hexanoic, octanoic, palmitic, and isovaleric acids. 
It has recently been observed that labeled acetaldehyde is more efficiently 
utilized by surviving liver slices for the biosynthesis of fatty acids than is 
acetate (40). Since the demonstration by Borek & Rittenberg (41) that 
acetone can be converted in vitro to cholesterol, further studies with this 
precursor have been reported by Zabin & Bloch (42) and Price & Rittenberg 
(43). Zabin & Bloch administered 1,3-C™ acetone to rats and observed that 
it is converted (at a rate comparable to that of acetate) to acetyl groups, 
fatty acids, and cholesterol. Their results indicate that acetone is readily 
oxidized to a 2-carbon compound. Following administration of 1,3-C' ace- 
tone to rats, Price & Rittenberg observed that at least 50 per cent was 
oxidized to carbon dioxide within 24 hr. In addition to serving as a good 
biological acetylating agent, acetone contributed carbon atoms to urea, 
liver and carcass cholesterol, arginine, aspartic and glutamic acids, liver 
glycogen, and carcass fatty acids. Labeled acetone incubated with rat liver 
slices in the presence of carrier non-labeled acetate yields acetate containing 
considerable radioactivity (40). Evidence has been reported indicating that 
acetone is converted to fatty acids by way of a 2-carbon intermediate which 
is not acetate but which may secondarily be changed to acetate (40). 

Whether pyruvate and acetate give rise to a common metabolic 2-carbon 
intermediate has not been decisively established. Bloch (44, 45) has re- 
viewed the evidence for and against the theory that pyruvate is degraded to 
acetate prior to fat synthesis. Crandall et al. (17, 18) have more recently 
obtained evidence that pyruvate, acetate, and all but the two terminal 
carbons of fatty acids may give rise to a common 2-carbon intermediate. 
Anker (46) has critically reinvestigated the acetylation of foreign amines by 
acetate, pyruvate and alanine in four strains of rats (other than the Sprague- 
Dawley). Labeled pyruvate yields identical isotope concentrations in the 
acetyl groups of excreted acetyl-amines regardless of whether the amine 
contains an a-hydrogen atom or not. The postulation is made that acetic 
acid (or an active derivative) is the only immediate acetylating agent in- 
volved. Although labeled pyruvate is not as readily incorporated into long 
chain fatty acids as is acetate (45, 47), the fact that pyruvate can undergo 
so many other metabolic reactions affords a ready explanation of this 
phenomenon. In addition, supplementation of labeled acetate with non- 
radioactive pyruvate diminishes the incorporation of acetate carbon into 
fatty acids by rat liver slices (47). For the time being, the most acceptable 
hypothesis is that pyruvate and acetate can be converted to a common 
metabolic intermediate. 

Chernick, Masoro & Chaikoff (48) have demonstrated that uniformly 
labeled glucose is converted to fatty acids by surviving slices of rat liver, 
kidney, and diaphragm. Extra-hepatic synthesis of fat is thus clearly demon- 
strated by these experiments, although the liver is the predominant organ 
in this respect. Popj4k & Beeckmans (49) have also obtained evidence that 
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labeled acetate is incorporated into fatty acids by the mucosa of the gastro- 
intestinal tract and in lung (rabbits). The utilization of acetate by lung 
tissue was especially high. Earlier experiments by Popjak, Folley & French 
(50) and more recently by Popjak, French & Folley (51) have revealed that 
C labeled acetate is more rapidly incorporated by lactating rabbit and goat 
mammary glands into the steam-volatile short chain fatty acids than into 
the longer acids. Folley & French (52) have also reported that glucose is 
less readily utilized than acetate for the synthesis of fatty acids by mammary 
gland slices. Addition of glucose does, however, increase the conversion of 
acetate to fat by mammary gland of rabbit, sheep, and to some extent, rat. 

Carboxyl labeled butyric, hexanoic, and octanoic acids are converted 
by rat liver slices to long chain fatty acids, and evidence has been reported 
suggesting that these short chain acids are cleaved to a considerable degree 
into 2-carbon fragments which are subsequently condensed to form long 
chain fatty acids (47). In this connection, Zabin (53) has obtained indica- 
tions that, under certain conditions, these labeled 2-carbon fragments may 
also condense with a 16 carbon metabolite (related to palmitic acid) to form 
stearic acid labeled predominantly at the carboxyl end. 

In 1944, Bloch (54) demonstrated that deuterium labeled leucine, ad- 
ministered to the rat, served as a good source of acetyl groups and choles- 
terol. Since then, considerable evidence has accumulated suggesting that 
isovalerate may be an intermediate in the catabolism of leucine. Zabin & 
Bloch (55) have recently reported that labeled isovalerate is degraded by 
liver slices to a 3-carbon moiety as well as a 2-carbon fragment. Although 
both fragments were converted to acetoacetate and carbon dioxide, the 
isopropyl (3-carbon) fragment was more rapidly converted to acetoacetate 
and less rapidly to carbon dioxide. Coon & Gurin (56) reported that B-C™- 
leucine is degraded by rat liver slices to a 2-carbon fragment (representing 
the a- and 8-carbon atoms of leucine) which is capable of forming doubly 
labeled acetoacetate. y-C'4-leucine gave rise to carbonyl labeled acetoacetate 
indicating that the isopropyl fragment either was cleaved to a different type 
of 2-carbon fragment or underwent some other type of reaction. Coon 
(57) has cleared up this point by demonstrating that, in liver slices, the 
isopropyl fragment, derived from either leucine or isovalerate, can be 
directly carboxylated by carbon dioxide to form acetoacetate. The evidence 
suggested that this is a major reaction. In contrast, acetone undergoes this 
reaction to only a minor extent. Plaut & Lardy (58) have also observed that 
labeled acetone can, to a small extent, be converted to acetoacetate by 
fixation of carbon dioxide. Labeled formate and bicarbonate were both 
shown to be incorporated into acetoacetate by rat liver slices and homog- 
enates, although the amount incorporated is quite small. Zabin & Bloch 
(42) have also shown that, in the intact animal, the isopropyl moiety of 
isovalerate can serve as a good source of acetyl groups, fatty acids, and 
cholesterol. Brady & Gurin (40) have similarly reported that the isopropyl 
moiety of isovalerate can be utilized by rat liver slices for the biosynthesis 
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of fatty acids and cholesterol. It is suggested that, in addition to the major 
reaction of direct carboxylation to acetoacetate, there is a limited breakdown 
of the isopropyl moiety to a 2-carbon unit (for synthesis of fatty acids). 

Evidence has been obtained in vitro (59) suggesting that the pathway 
of hepatic lipogenesis from 2-carbon fragments is different from that uti- 
lized by the liver for the oxidative cleavage of fatty acids. It has been 
proposed that a cycle of fatty acid catabolism (forming 2-carbon fragments) 
and fatty acid synthesis (from 2-carbon fragments) occurs in normal liver. 
The anabolic phase appears to be blocked in experimental diabetes (see 
discussion under Hormonal effect). 

Masoro, Chaikofi & Dauben (60) have observed that uniformly labeled 
glucose, upon administration to rats on a high carbohydrate diet, is re- 
coverable as fat to the extent of 10 to 15 per cent in 24 hr. Fasting for 
24 hr. was sufficient to reduce the incorporation of glucose into fatty acids 
by the liver to less than one-tenth of that observed on a standard dietary 
(61). Administration of a high protein diet or one composed of protein and 
fat resulted in a profound reduction of hepatic lipogenesis; a high carbo- 
hydrate diet produced no impairment of the liver’s ability to synthesize 
fat from C™ glucose. 

It has been reported by Pihl & Bloch (62) that the isolated liver as well 
as the intact rat can incorporate labeled acetate into triglyceride fatty acids 
and cholesterol esters more rapidly than into phospholipids. It is concluded 
that phospholipids are not obligatory intermediates in the synthesis of 
triglycerides. In extra-hepatic tissues, however, there was observed a more 
rapid incorporation into the phospholipids than into neutral fat. In agree- 
ment with previous work of Zilversmit, Chaikoff & Entenman (63) it would 
appear that, im vitro as well as in vivo, the newly synthesized fatty acids are 
more rapidly incorporated into neutral fat than into the phospholipids of 
liver. The data are consistent with previous experiments suggesting that the 
liver is the site of synthesis of the plasma phospholipids. Pihl, Bloch & 
Anker (64) have reinvestigated the turnover of fatty acids and cholesterol 
after administration of carboxyl C™ acetate to rats maintained on a diet 
completely devoid of fat and cholesterol. The half-life of the liver fatty 
acids (saturated) was estimated to be less than one day, while the cor- 
responding value for the unsaturated fatty acids was approximately two 
days. The half-lives of the carcass fatty acids are 16 to 17 days (saturated) 
and 19 to 20 days (unsaturated). The high values may be due to strain 
differences. Since the mono-unsaturated acids were calculated to contain 
the same isotope concentration as the saturated acids at infinite time, it is 
concluded that acetate can furnish all of the carbon atoms for the synthesis 
of both types of fatty acid. The mechanisms involved in the biosynthesis of 
both types, however, may be different. 

Precursors of phospholipids—Goldman et al. (65) have administered 
(subcutaneous injection) to normal and liverless dogs palmitic acid-1-C™ 
in the form of tripalmitin. In contrast to the normal, there was observed a 
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markedly diminished incorporation of C™ into the plasma phospholipids of 
liverless dogs. This is further evidence of the key role of the liver in the 
synthesis of plasma phospholipids. Significant incorporation of labeled 
palmitate by the phospholipids of heart, skeletal muscle, kidney, small 
intestine, and lung of liverless dogs was observed. The failure of these 
tissues to supply appreciable amounts of phospholipid fatty acids to the 
plasma suggests to the authors that the phospholipids synthesized in extra- 
hepatic tissues are not significantly concerned with the transport of fatty 
acids. Pihl & Bloch (62) have also suggested that “it is unlikely that the 
phospholipids are the major vehicle for fat transport.” 

Information on the mechanism of synthesis of the phospholipids is still 
lacking. Popjak & Muir (66) have obtained suggestive evidence implicating 
a- and B-glycerophosphate as the immediate precursors of the phospholipids. 
The effects of dietary changes upon the composition and turnover rate of 
the phospholipids have been studied by Campbell, Olley & Blewett (67), 
Blewett, Campbell & Olley (68), and Artom & Swanson (69). Ada (70) has 
confirmed Hevesy’s findings (71) that the rate of renewal of phospholipid 
phosphorus is greater in the cytoplasm than in the nuclei of liver cells. 

Precursors of cholesterol.—lt has been established that liver slices are 
able to convert acetate, acetaldehyde (40), acetone (41, 40), pyruvate (45, 
47), isovalerate (40), and short chain fatty acids (47) to cholesterol. Little 
& Bloch (72) have prepared labeled cholesterol by incubating rat liver slices 
with 1-C™ acetate, 2-C™ acetate, and acetate labeled with C and C'. The 
resulting preparations of labeled cholesterol were subjected to chemical 
degradation. The methyl carbon of acetate was shown to be incorporated 
into positions 18, 19, 26, 27 and probably 17, while carbon atoms 25 and 
probably 10 were derived from the carboxyl of acetate. The ratio of methyl 
to carboxyl carbons incorporated into cholesterol was found to be 1.27. It is 
apparent that some decarboxylation occurs during the process. The authors 
have calculated from their data that more carboxyl groups of acetate enter 
into the nucleus than into the isooctyl sidechain of cholesterol. The ratio 
of methyl/carboxyl groups incorporated into the nucleus was calculated 
to be 1.1 while the corresponding value for the sidechain was 1.67. The 
ratio of methyl/carboxyl groups incorporated into the long chain fatty 
acids was close to unity, a value consistent with multiple condensation of 
2-carbon units to form fatty acids. 

Brady & Gurin (40) have confirmed the finding that the methyl groups 
of acetate contribute 1.3 times as much isotope to cholesterol as do the 
carboxyl groups (liver slices). It was also found that acetaldehyde is trans- 
formed by liver slices more efficiently into cholesterol than is acetate. Under 
similar conditions, three acetoacetate preparations, labeled with C™ in the 
carboxyl, carbonyl, and methyl-methylene positions respectively were 
found to be incorporated to a significant degree into cholesterol. It is clear 
that acetoacetate is utilized for this biosynthesis without preliminary 
cleavage into 2-carbon fragments since it has been previously established 
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(73) that singly labeled acetoacetate is not appreciably randomized by liver 
slices. Furthermore, labeled acetoacetate is neither utilized by liver slices 
for the biosynthesis of fatty acids (no appreciable formation of 2-carbon 
units), nor oxidized to any appreciable extent. Although acetate may furnish 
all of the carbon atoms of cholesterol, some of it is incorporated by way of 
acetoacetate. 

Mention was made earlier of the reports by Zabin & Bloch (42) as well 
as Price & Rittenberg (43) that labeled acetone is converted by the rat to 
cholesterol. Both groups of investigators have obtained abundant evidence 
that acetone is an efficient source of 2-carbon fragments. Brady & Gurin 
(40) have confirmed the fact that liver slices are capable of transforming 
labeled acetone into cholesterol and, as mentioned previously, have demon- 
strated that liver is capable of converting acetone to acetate. It is clear 
that acetone is incorporated into cholesterol largely by way of a 2-carbon 
intermediate since it is a relatively poor source of acetoacetate via fixation 
of carbon dioxide (57). 

Zabin & Bloch (42) reported that, in the whole animal, methyl labeled 
isovalerate is a better precursor of cholesterol than is acetate. Upon incuba- 
tion with liver slices, methyl C'* isovalerate was somewhat poorer than ace- 
tate in this respect (40). Since the isopropyl moiety of isovalerate (and 
leucine) can not only react rapidly with carbon dioxide to form acetoacetate, 
but can also be cleaved to 2-carbon fragments, it is not surprising that the 
intact animal can readily utilize the terminal carbon atoms of isovalerate 
for the biosynthesis of cholesterol. 

Gould & Taylor (74) have studied the effect of previously administered 
high cholesterol diets upon the ability of dogs and rabbits to synthesize 
cholesterol from C**-labeled acetate. A diminished rate of synthesis was 
observed. Liver slices of such animals also exhibited a decreased ability to 
transform acetate into cholesterol. The newly synthesized cholesterol was 
largely in the free form. Of all the other tissues studied, only skin showed 
a synthetic activity comparable to that of liver. Adrenal cortical tissue was 
also active in this respect, but the amount of cholesterol synthesized was 
negligible compared with that formed in liver and skin. Popjak & Beekmans 
(75) have reported that the rabbit can synthesize cholesterol from labeled 
acetate, not only in liver but also in intestine and ovaries. In these experi- 
ments, the intestine showed a greater uptake of C' than did the liver. The 
half-life of liver cholesterol was estimated to be three days, while that of 
intestinal cholesterol was 1.5 days. In the previously mentioned report of 
Pihl, Bloch & Anker (64) the half-life for liver cholesterol in the rat was 
calculated to be approximately six days while the corresponding value for 
carcass cholesterol was estimated to be 31 to 32 days. 

The synthesis by the rabbit fetus of cholesterol and fatty acids has been 
confirmed by Popjak & Beeckmans (76). These investigators conclude that 
all of the fetal cholesterol is synthesized within the fetus and that fetal extra- 
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hepatic tissues can synthesize but not degrade cholesterol. The liver (fetal) 
can do both. 

Alfin-Slater et al. (77) have reported a study of the turnover of cholesterol 
in various organs of the rat. 

The synthesis of ergosterol by a Neurospora mutant requiring acetate 
for growth has been investigated by Tatum, Zabin & Bloch (78). Using 
methyl-C™“, carboxyl-C-acetate, they were able to demonstrate that 
acetate is preferentially utilized as a source of carbon for the synthesis of 
the steroid. It was also demonstrated that the isopropyl portion of isoval- 
erate is more readily utilized for this synthesis than is the carboxy] portion. 
Deuterio-acetate has also been shown by Ottke, Simonds & Tatum (79) to 
serve as the main precursor of ergosterol in Neurospora. 

Baker & Greenberg (80) found no significant change in the incorporation 
of C4 acetate into liver cholesterol by rats fed p-dimethylaminoazobenzene. 

Salomon, Altman & Rosa (81) have demonstrated that methyl labeled 
acetate is utilized by Chlorella vulgaris for the biosynthesis of chlorophyll. 
Methylene labeled glycine is also incorporated, but only one third as well 
as acetate. 

A review by Bloch (82) on the intermediary metabolism of cholesterol 
has been published. 

Hormonal effects—The incorporation of C™ labeled acetate into long 
chain fatty acids by liver slices of normal rats or cats can be stimulated 
markedly by the addition of electrophoretically homogeneous insulin to the 
incubating medium (47). In contrast, liver slices obtained from alloxan- 
diabetic rats or depancreatized cats have lost nearly completely their ability 
to transform labeled acetate into fatty acids (59). This failure of fatty acid 
synthesis cannot be reversed in vitro by the addition of insulin, glucose, 
a-keto glutarate, oxaloacetate, adenosinetriphosphate, fructose-6-phosphate, 
or the oxidized and reduced forms of DPN alone or in combination with 
insulin. 

Chernick et al. (83) have similarly studied lipogenesis by liver slices of 
normal and alloxan-diabetic rats after incubation with uniformly labeled 
glucose. The oxidation and utilization of glucose in diabetic liver were 
significantly impaired. Furthermore, there was a very marked diminution 
in the ability of diabetic liver to convert glucose to fatty acids. Both effects 
were observed at glucose concentrations varying from 100 to 800 mg. per 
cent. In a second paper, Chernick & Chaikoff (84), reported that pretreat- 
ment of normal rats with insulin for three and ten days resulted in a 10-fold 
increase in the capacity of the liver slices to convert added glucose to fatty 
acids. Pretreatment of alloxan-diabetic rats with insulin for one to five days 
completely restored the ability of the liver slices to synthesize fatty acids 
from glucose. In both types of animals, such pretreatment with insulin in- 
creased to some extent the liver’s ability to oxidize labeled glucose to carbon 
dioxide. ; 
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Although the addition of insulin to diabetic liver slices has no effect 
upon lipogenesis from acetate, it is clear from the work of both laboratories 
that one of the major metabolic blocks in diabetes is the inability of the 
organism to synthesize fat from carbohydrate and acetate. This is certainly 
true of the liver, whether the precursors studied are glucose (83, 84), or 
acetate, butyrate, hexanoate, and octanoate (59). This interference with the 
coupling of 2-carbon units may well be only one of several metabolic blocks 
in diabetes. 

It is evident that the accumulation of liver fat in diabetic animals must 
be attributed to transport from extra-hepatic tissues, since the synthesis of 
fat by such liver is impaired. The biosynthesis of cholesterol, however, by 
such liver slices is not impaired; labeled acetate is converted by diabetic 
liver slices into cholesterol at a normal (or perhaps increased) rate (59). It is 
possible that the hypercholesteremia associated with diabetes may be 
attributed to an accumulation of acetoacetate and perhaps 2-carbon frag- 
ments in such states. Since the 2-carbon fragments can no longer be con- 
verted to long chain fatty acids, they may be diverted in increased amounts 
to acetoacetate and cholesterol. 

Since liver slices of diabetic animals can oxidize fatty acids to 2-carbon 
fragments, acetoacetate, and carbon dioxide at an accelerated rate, it would 
appear that there is no dearth of energy-producing reactions in such states. 
Diabetic liver slices can apparently utilize the available energy for the syn- 
thesis of cholesterol from small precursors yet cannot synthesize long chain 
fatty acids. This failure of diabetic liver to incorporate C' labeled precursors 
into fatty acids has led to the hypothesis that, in liver, the synthesis of fatty 
acids occurs by a process that is distinct from the mechanism of fatty acid 
catabolism (59). 

That liver slices obtained from Houssay cats (depancreatized-hypophy- 
sectomized) are capable of incorporating labeled acetate into fatty acids 
and cholesterol at a normal rate has been observed by Brady, Lukens & 
Gurin (85). Similar results are also obtained with liver slices from hypophy- 
sectomized rats (unpublished). It is apparent that the pituitary gland se- 
cretes a principle which can directly or indirectly inhibit hepatic lipogenesis. 
This effect is probably counteracted by insulin in the intact organism. 

The growth hormone has been involved as one of the pituitary hormones 
capable of producing an increase in the fat content of the liver. Szago & 
White (86) have reported that intraperitoneal injection of highly purified 
growth hormone to fasting mice increases the total liver lipids by nearly 
200 per cent. A similar effect was obtained with fasting adrenalectomized 
animals. Weill & Ross (87) have reported somewhat similar findings. 

Although the role of ACTH and adrenocortical steroids in lipid metab- 
olism is still not clear, it seems to be accepted that, in the fasting state, 
growth hormone increases liver lipids without the mediation of the adrenals. 
Li, Simpson & Evans (88) have reported that administration of either 
growth or ACTH causes an increase of liver fat in the fasted normal or 
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hypophysectomized rat. Growth hormone was observed, however, to produce 
a decrease in the liver lipids of fed normal or hypophysectomized animals. 
Payne (89) has furthermore presented evidence suggesting that crude 
pituitary preparations are more potent than any of the known pituitary 
hormones in their fat mobilizing effects. Levin & Farber (90) report evidence 
that simultaneous action of both adrenocortical and anterior pituitary hor- 
mones is required for this effect and that the pituitary effect is not mediated 
via the adrenal cortex. 

In the intact dog, crystalline growth hormone elicits a marked diabetic 
response (91). Cotes, Reid & Young (92) have concluded that pure growth 
hormone is diabetogenic in the intact adult cat. 

Renold, Marble & Fawcett (93) have reported that insulin has a direct 
local action on lipogenesis by adipose tissues at the site of injection. They 
suggest that the increase in total lipids produced locally (normal and 
alloxan-diabetic rats) may be ascribed to an accelerated synthesis of fat 
from carbohydrate. Reference has previously been made to the stimulating 
action of insulin upon lipogenesis from glucose (83, 84) and acetate (59). In 
this connection, Balmain, French & Folley (94) have observed that the 
addition of insulin to mammary gland slices increases the amount of acetate 
utilized. They infer that the addition of insulin to such tissue increases the 
conversion of acetate to fatty acids. 

Baker, Ingle & Li (95) indicate that treatment of normal and castrate 
rats with ACTH increased the triglyceride content of brown adipose tissue 
of the interscapular gland. Treatment of the hypophysectomized rat with 
ACTH failed to maintain the fat of the interscapular gland at a normal 
level. 


BLOOD LIPIDS AND CHOLESTEROL 


Blood lipids —Recent developments in the separation and analysis of 
lipoproteins have received wide attention and application. Oncley, Gurd & 
Melin (96) have reported analyses of the B-lipoprotein comprising some 5 
per cent of the total protein of human plasma. The lipoprotein contains 31 
per cent cholesterol (total), 29 per cent phospholipid, and 23 per cent poly- 
peptide. Approximately 75 per cent of the total serum cholesterol is associ- 
ated with this high molecular weight complex. Together with the bound 
phospholipid, this accounts for practically 75 per cent of the plasma lipids. 

Using the procedure of Forbes, Dillard, Porter & Petterson (97) for sep- 
arating free lipids from lipids bound to serum proteins, Payne & Duff (98) 
have compared the sera of normal rabbits with the hyperlipemic sera of 
alloxan-diabetic rabbits. In the normal sera, only a small portion of the 
lipid phosphorus and less than half of the total and free cholesterol were 
readily extractable with chloroform. In the hyperlipemic diabetic sera al- 
most all of the increase in cholesterol and lipid phosphorus appeared in the 
readily extractable fraction, suggesting that the increase in these lipids is 
not closely associated with plasma proteins. McGhee, Papageorge, Bloom 
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& Lewis (99) have evidence that the lipemic action of insulin is secondary 
to its hypoglycemic action. They observed that the lowering of the total 
fatty acids in the blood of rabbits following insulin injection did not occur 
when the blood sugar level was maintained above the convulsive level by the 
simultaneous administration of glucose. Schneider & Stutinsky (100) have 
reported the production of a transient lipemia in rabbits by an insulin-free 
pancreatic extract. A similar but smaller effect was obtained with choline 
chloride. 

Evidence for the role of kidney in the regulation of the metabolism of fat 
is provided by the observation of Jiménez Diaz & Castro-Mendoza (101) 
that a hyperlipemia following nephrectomy in dogs can be prevented by the 
administration of a kidney extract. Bilateral ligature of the ureters caused 
a delayed and less pronounced hyperlipemia which was similarly inhibited 
by a kidney extract (102). 

Failure of phospholipids to pass through the placental membrane has 
been demonstrated by Popjak & Beeckmans (103) by injection of P*?-labeled 
phospholipids into pregnant rabbits and a comparison of the specific activi- 
ties of phospholipid and inorganic phosphorus in the maternal liver, placenta, 
and the fetal liver and carcass. The results clearly indicate that neither 
phospholipids nor glycerophosphate pass through the placental membrane 
unhydrolyzed. The failure of glycerophosphate to penetrate liver cells has 
been demonstrated by Popjék & Muir (66). It should be noted, however, 
that phospholipids will traverse the cell membranes of liver and intestinal 
epithelium without being previously hydrolyzed (104). 

Bondy & Wilhelmi (105) have reinvestigated the influence of endocrines 
on hepatic ketone body production by comparing the rates of ketone pro- 
duction in liver slices prepared from normal, hypophysectomized, and 
adrenalectomized rats. The reduction of ketone bodies following hypophy- 
sectomy was no greater than that following thyroidectomy and could be 
reversed by thyroxine in vivo. Adrenalectomy prevented a rise in the blood 
ketone level which normally occurred between the 18th and 40th hour of 
fasting, and this was reflected in a reduction of the Qacac (micromoles of aceto- 
acetate produced per hour per 100 mg. dry tissue) of liver slices prepared at 
this time. Crystalline growth hormone had no effect either in vivo or in vitro 
and ACTH had no effect in vivo. 

Measurement of the peripheral utilization of ketone bodies by comparing 
the arteriovenous differences in ketones and oxygen has been reported 
in human subjects (106) and in dogs (107) during starvation. It was con- 
cluded that 70 per cent of the total peripheral metabolism and all of the 
peripheral fat metabolism was accounted for by ketone body oxidation 
after three days of starvation. The rate of ketone utilization in the rat 
under basal metabolic conditions has been reported by Nekhorocheff (108). 

Some effects of ketone bodies on carbohydrate metabolism have been 
reported by Nath, Chakraborty & Hatwalnie (109) who present evidence 
that acetoacetate and B-hydroxybutyrate stimulate glycogenolysis in vivo 





an 
inj 
gly 
lor 


sat 
rej 
th 
inc 
pr 
for 
lip 
ral 
ap 


tel 
th: 


wi 





LIPID METABOLISM 193 


and in rat liver slices, and by Nath & Brahmachari (110) who report that 
injections of acetoacetate and 6-hydroxybutyrate result in a period of hypo- 
glycemia followed by hyperglycemia and a diabetic tolerance curve over a 
longer period. These authors also report an increased sensitivity to insulin 
in guinea pigs treated with acetoacetate and 8-hydroxybutyrate. 

A method for the determination of milligram quantities of polyun- 
saturated fatty acids in blood depending upon alkali isomerization has been 
reported by O’Connell & Daubert (111). 

Cholesterol London & Rittenberg (112) have studied the rate of syn- 
thesis of serum cholesterol in man. With the aid of deuterium, it was esti- 
mated that the half-life for serum cholesterol is eight days in the normal 
individual. 

Gofman et al. (113) have made an extensive study of the lipoproteins 
present in rabbit and human sera. In both species a major component was 
found which appeared not to vary profoundly on a normal dietary. These 
lipoproteins are identified by their densities and flotation rates (expressed as 
Svedberg units). Thus a major lipoprotein in rabbit sera having a flotation 
rate (Ss) of 5 to 8 S units was identified, while in man the component which 
appears to be universally present is characterized as S; 3-8. On a high choles- 
terol diet, rabbits show an increase in the S¢ 5-8 component. Occasionally 
this increase is followed by the appearance of a new component characterized 
by a lower density and higher S¢ value (10-30). There was some correlation 
between the appearance of the new lipoprotein and the onset of mild to 
severe atherosclerosis. 

In certain human sera there were found additional components classified 
as S¢ 10-20. A study of 104 patients with proved myocardial infarctions 
revealed an almost universal occurrence of cholesterol-bearing molecules of 
the S¢ 10-20 class at fairly high levels in the blood. Healthy subjects ex- 
hibited a lower frequency of occurrence of measurable concentrations of 
St 10-20 components. The analytical findings in other groups of patients 
were consistent with the expected incidence of atherosclerosis in such groups. 
Other papers dealing with this subject have been reported by Gofman et al. 
(114), Gertler and co-workers (115, 116, 117) and Wilens & Elster (118). 

Further studies of the effect of advancing age upon serum cholesterol 
levels have been reported by Sperry & Webb (119) who state that increases 
of 10 to 30 per cent were observed in approximately 50 per cent of a series 
of men after a lapse of 15 years. A greater proportion of the women studied 
showed comparable increases during the same time interval [see Keyes 
(120) and Gram & Leverton (121)]. Kornerup (122) has observed that the 
free cholesterol levels in sera of a group of elderly men were significantly 
higher than in a group of young men. 

An increase in serum cholesterol and phospholipids and a large decrease 
in neutral fat following the administration of cortisone to a variety of pa- 
tients has been reported by Aldersberg, Schaefer & Dritch (123). Effects 
with ACTH were similar but less pronounced. Kobernick & More (124) 
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have reported an increase in all serum lipid fractions following ad ministration 
of cortisone to rabbits. 


ACETYLATION 


Further research on the fractionation of coenzyme A-dependent acetyl 
transfer systems has been reported from Lipmann’s laboratory. Chow, 
Novelli, Stadtman & Lipmann (125) have fractionated pigeon liver extracts 
into acetyl donor and acetyl acceptor systems. At pH 8.2, cold 40 per cent 
acetone precipitates the acetyl donor fraction (ATP-acetate reaction) to- 
gether with the acetoacetate and citrate-synthesis acceptor systems. The 
sulfanilamide acceptor enzyme remains dissolved. Further purification of 
the 40 per cent acetone insoluble fraction was obtained with protamine. 
Using an enzyme preparation from Clostridium kluyveri or Escherichia coli, 
acetyl phosphate was activated to react with oxaloacetate to form citrate. 
Evidence was obtained for a condensation of 2 molecules of acetyl phosphate 
to form acetoacetate. Stadtman (126) has purified the transacetylating 
enzyme of C. kluyveri by means of ammonium sulfate fractionation. Coen- 
zyme A is required by the purified enzyme before acetyl phosphate can be 
made available to the liver acetyl acceptor systems (for synthesis of aceto- 
acetate, citrate, and acetylsulfonilamide). Another protein fraction obtained 
from C. kluyveri catalyzed the transfer of phosphate from acetyl phosphate 
to propionate. Novelli, Kaplan & Lipmann (127) have reported evidence 
suggesting that the structure of coenzyme A may resemble that of the 
known dinucleotides. 

Stern, Shapiro & Ochoa (128) have similarly studied the acetyl phosphate 
activating and condensing enzymes of E. coli. The condensing enzyme 
(readily soluble) is present in a variety of animal tissues as well as in several 
bacteria and yeast. These investigators report the isolation of the condensing 
enzyme in crystalline form from extracts of pig heart. The enzyme appears 
to catalyze a slow exchange of acetyl bound oxaloacetate (in the form of 
citrate) with free oxaloacetate. The reaction (which requires coenzyme A) 
appears to be reversible but with the equilibrium far toward citrate syn- 
thesis. 

Shreve (129) has reported that C“ a-labeled lactate can acetylate phenyl- 
aminobutyric acid in the intact rat or in kidney slices, but to only a negli- 
gible extent in liver slices. The major portion of the isotope entering the 
acetyl groups (from lactate) does so without preliminary passage of the re- 
sultant pyruvate through the tricarboxylic cycle. 

The recent contribution by Anker (46) is discussed elsewhere (section on 
BIOSYNTHESIS). 

The metabolism of acetate when utilized as the sole source of carbon 
in the cultivation of Torulopsis yeast has been investigated by Baddiley 
et al. (130, 131) who have reported a study of the mechanism of biosynthesis 
of tyrosine. 





=o ®?AwOoOoO fm oO 





LIPID METABOLISM 195 


MICROBIOLOGICAL OXIDATION AND SYNTHESIS 


Higher fatty acids—A detailed study of the effect of various triglycerides 
on the oxygen uptake of various microorganisms has been reported by 
Jeseki, Halvorsen & Macy (132). Hietaranta (133) has described the forma- 
tion of methyl ketones from fats by organisms isolated from butter. The 
reaction was attributed to a combination of 8-oxidation and peroxidation of 
the resulting unsaturated acids. The formation of methyl ketones by the 
action of Penicillium glaucum on saturated, a,8-unsaturated, and B-hydroxy 
fatty acids has been reported by Thaler & Stahlin (134) and from a- but not 
B-methyl fatty acids by Thaler, Schottmayer, Stihlin & Beck (135). It was 
concluded that methyl ketone formation from fatty acids proceeded via 
B-oxidation followed by decarboxylation of the resulting B-keto acids. The 
direct dehydrogenation of isopropanol to acetone by a new strain of Rhodo- 
pseudomonas gelatinosa has been demonstrated by Siegel & Kamen (136). 
Rapid conversion of long chain aliphatic hydrocarbons to fatty acids and 
other oxidation products by sulfur-reducing anaerobes of the desulfovibrio 
group has been described by Rosenfeld (137). Propionic acid formation by 
the decarboxylation of succinate during bacterial fermentation has been 
reported by Johns (138). 

Acetoacetate—Lemoigne and co-workers (139) have reported that the 
presence of dicarboxylic acids (malic, aspartic, and glutamic) is obligatory 
for the assimilation of acetoacetate by Bacillus megatherium. An aceto- 
acetic acid decarboxylase from Clostridium madisonii has been purified and 
resolved by VanDemark & Seeley (140). It was shown that neither riboflavin 
phosphate nor any known vitamin or coenzyme activates the partially re- 
solved enzyme as efficiently as boiled extracts of C. madisonii. 

Acetate-—Using ferricyanide as an oxidant, Swim & Krampitz (141) 
have demonstrated the conversion by E. coli of CH;C“OOH to carboxyl- 
labeled succinate, C'4H;COOH to predominantly methylene labeled suc- 
cinate, and a very slight utilization of NaHC™O; in this reaction. Labeled 
acetate in the presence of non-labeled a-ketoglutarate gave rise to highly 
radioactive succinate and very little radioactivity appeared in the a-keto- 
glutarate. Saz & Krampitz (142) have reported the formation of citrate 
containing C' mainly in the primary carboxyl groups following incubation 
of CHsC“OOH and oxaloacetate with Micrococcus lysodeikticus. Incubation 
of C4H;COOH and non-labeled a-ketoglutarate and succinate with this 
organism resulted in the production of CO", with a much higher specific 
activity than any carbon of a-ketoglutarate or succinate isolated at the end 
of the incubation. Ajl & Kamen (143) have reported that the high activity 
of C“O, produced when C“H;COOH is incubated with suspensions of 
M. lysodeikticus is not accompanied by incorporation of C4 into non-labeled 
C, dicarboxylic acids added to the incubation mixture. However, in similar 
experiments with E. coli, considerable accumulation of C™ occurs in added 
pyruvate, and C,-dicarboxylic acids but not a-ketoglutarate. The inhibitory 
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action of dinitrophenol on acetate oxidation by Saccharomyces cerevisae 
has been reported by Stoppani (144). Both acetate disappearance and 
phosphate uptake were shown to be inhibited. Oginsky, Smith & Soloto- 
rovsky (145) have reported that streptomycin inhibits the oxidation of fatty 
acid breakdown products rather than the fatty acid chain itself in Myco- 
bacterium tuberculosis (avian type). Randles (146) has reported that strepto- 
mycin inhibits malate but not acetate oxidation by Neisseria catarrhalis. 
However, growth on acetate was inhibited. 

The production of antibacterials from algae, which appear to be photo- 
oxidized fatty acids, was reported by Spoehr, Smith, Strain & Hardin (147). 
In a study of the fungistatic and bacteriostatic action of alkynoic acids, 
Cox (148) found 2,3-octenoic acid more active against bacteria and 4,5-, 
5,6-, and 6,7-octenoic acids more active against fungi. 

Stadtman & Barker (149) have extended their studies of fatty acid 
synthesis by enzyme preparations of C. kluyveri. Strong evidence was ob- 
tained indicating that such enzyme preparations catalyze a rapid reversible 
transfer of phosphate from acetyl phosphate to adenylic acid and adenosine 
diphosphate. It was further demonstrated that such preparations are able 
to transfer the phosphate of acetyl phosphate to fatty acids of 3 to 6 carbon 
atoms (without mediation by the adenylic acid system). Although butyryl 
phosphate, for example, can be synthesized when butyrate and acetyl 
phosphate are incubated with this system, nevertheless, butyryl phosphate 
does not appear to be an intermediate in the synthesis and oxidation of 
caproate. 

The synthesis of fat from pentoses by Rhodotorula gracilis has been 
investigated by Nielsen & Nilsson (150) and Pan e¢ al. (151). The influence 
of quinones upon the composition of the lipids synthesized by various 
microorganisms has been reported by Hoffman, Osterhof & Kriz (152) and 
other reports dealing with the influence of changes in the composition and 
treatment of the media upon fat synthesis were made by Diemair & Boresch 
(153) as well as Kaibara (154). 


INTESTINAL ABSORPTION AND TRANSPORT 


Several substantial contributions have been made to this highly contro- 
versial field. Bloom, Chaikoff, Reinhardt, Entenman & Dauben (155) meas- 
ured the recovery of C'*-labeled palmitic acid from the thoracic duct and 
intestinal lymph of rats to which the compound had been given either as 
tripalmitin or as free fatty acid. Seventy to ninety-two per cent of the ab- 
sorbed palmitic acid was recovered from animals with cannulated thoracic 
ducts, and 69 to 85 per cent from animals with cannulated intestinal lym- 
phatic trunks. The authors raise the question of possible lymphatic-venous 
anastomoses as a factor responsible for the incomplete recoveries. They 
consider their observation that tripalmitin and palmitic acid led to appear- 
ance of equal percentages of absorbed C™ in the chyle as evidence against 
Frazer’s Partition Theory (156). Similar conclusions have been reached by 
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Tidwell (157), Berry & Ivy (158), and by Bollman, Flock, Cain & Grindlay 
(159) who also observed a 3-fold increase in the phospholipid content of 
intestinal lymph during the absorption of triglycerides or fatty acids. Reiser 
(160) has concluded that linolenic acid and its triglyceride are absorbed via 
the same pathways, although the latter is absorbed more rapidly. 

The question of phospholipids as intermediates in the transfer of fatty 
acids through the intestinal epithelium has been reinvestigated by Favarger 
(161). Elaidic acid was fed to dogs and its incorporation into intestinal 
phospholipids was measured in experiments similar to the earlier experiments 
of Sinclair (162). Although significant amounts of elaidic acid were incor- 
porated in the intestinal phospholipids in 6} hr., the lack of sufficient data 
to permit a comparison of the turnover of elaidic acid in the phospholipid 
fraction with the quantities of elaidic acid absorbed renders the results 
inconclusive. It is of qualitative interest, however, that the phospholipids 
in the epithelial layer of the intestinal mucosa consistently contained a higher 
concentration of elaidic acid than those of the deeper layers. 

Jiménez Diaz, Marina & Romez (163) have presented striking evidence 
that bile is not required for the digestion and/or absorption of fat. The 
degree of steatorrhea in dogs with experimental obstruction of the bile duct 
was shown to be independent of fat content of the diet. A supplement of 
50 ml. of olive oil per day was shown not to increase the fecal fat accom- 
panying a fat-free diet and therefore it must have been absorbed. These 
authors also concluded that steatorrhea in biliary obstruction is due to fat 
excretion rather than failure of intestinal absorption. 

Coniglio, Andersen & Robinson (164) have published a preliminary report 
on the absorption and distribution of carbon-labeled fatty acids in the liver 
and depot fat of the rat. 


LIpOTROPIC FACTORS 


Stamler et al. (165) have found desiccated thyroid to be highly effective 
in preventing cholesterol induced fatty livers in chicks. A series of known 
lipotropic substances were reported to be ineffective. 

Montgomery, Entenman, Chaikoff & Feinberg (166) have reported that 
the addition of 5 mg. of crystalline trypsin to the diet was as effective as 
raw pancreas, and that this lipotropic action could be explained by liberation 
of methionine from dietary protein in the digestive tract. 

Shipley, Chudzik, Gyérgy & Rose (167) have reported experiments 
indicating that the lipotropic effect of estrone in castrate female rats depends 
upon an extra-hepatic mechanism. They suggest that the effect may be 
mediated through the anterior pituitary gland. 

Farber, Koch-Weser & Popper (168) have studied the effects of ovariec- 
tomy, orchidectomy, adrenalectomy, and administration of testosterone 
upon the development of ethionine-induced fatty liver. They suggest that 
testosterone may play a role in the prevention of some types of fatty liver. 

Farber, Simpson & Tarver (169) administered ethionine intraperitoneally 
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to fasted female rats and observed a significant rise in liver lipids within 
12 hrs. This effect is counteracted by an equimolar amount of methionine or 
by large doses of carbohydrate. Other lipotropic agents did not antagonize 
ethionine. McArthur & Lucas (170) observed that the triethyl homologue 
of choline exerts one-fifth the lipotropic activity of choline. 

Blewitt, Campbell & Olley (68) have studied further the turnover of 
phospholipid P* following administration of oleic acid and inositol to rats. 
In confirmation of Cornatzer & Artom (171) they report that the evidence 
does not support the view that inositol exerts its lipotropic effect by stimu- 
lating the turnover of liver phospholipids. McKibbin (172) has investigated 
the effects of acute choline deficiency on the liver and blood lipids of young 
puppies. 

The lipotropic action of a vitamin By concentrate injected into rats on 
a high fat diet has been reported by Drill & McCormick (173). The effects 
could not be ascribed to the trace of choline present in the concentrate. 

Schwarz (174) observed that 5 mg. per cent of dl-a-tocopherol prevents 
the liver injury produced in rats by a dietary of 20 per cent cod liver oil 
and yeast. 

Felch & Dotti (175) have reported on the effects of oral administration 
of inositol to diabetics with hypercholesteremia. A significant reduction of 
blood cholesterol levels was observed. Further reports in this field will 
undoubtedly be forthcoming. 


TISSUE LIPIDS AND SPECIAL SUBSTANCES 


Tissue lipids.—The isolation of appreciable quantities of a-monopal mitin 
from hog pancreas has been reported by Jones, Koch, Meath & Munson 
(176). Using a periodic acid assay procedure, the total a-monoglyceride 
content of pancreas was estimated as 1.7 to 1.9 per cent wet weight, whereas 
brain, liver, and adrenal tissue were estimated to contain no more than 0.1 
per cent. The compound was thought not to arise by autolysis since the 
level in pancreatic tissue did not increase on standing. 

The lipid composition of liver mitochondria has been reinvestigated by 
Swanson & Artom (177). The mitochondria were prepared by the technique 
of Hogeboom, Schneider & Pallade (178), and the total lipid content was 
reported to be 29 per cent of the dry weight. Seventy-nine per cent of the 
extracted lipids were phospholipids consisting mainly of lecithin and cepha- 
lin. 

Valuable information on the lipid composition of normal nervous tissue, 
and changes in the percentages of individual lipids during development and 
in a variety of pathological conditions has appeared in an extensive publica- 
tion by Brante (179) and in a series of papers by Johnson, McNabb & Ros- 
siter. Although there are significant discrepancies between the analytical 
values reported by the two laboratories for the cholesterol and cerebroside 
content of grey matter and for the sphingomyelin and alkali-hydrolyzable 
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phospholipids of white maiter, their general conclusions are in essential 
agreement. From a comparison of white and grey matter (179, 180) and of 
infantile (unmyelinated) and adult (myelinated) white matter (181) the 
lipids of the myelin sheath are presumed to consist largely of cholesterol, 
cerebrosides, and sphingomyelin. Johnson, McNabb & Rossiter (182) found 
the lipid composition of peripheral nerve to resemble that of white matter 
more closely than that of grey matter or of whole brain. 

During Wallerian degeneration, both laboratories observed a parallel 
progressive decrease in the cerebroside, cholesterol, and sphingomyelin 
content of the severed nerve accompanied by the appearance of some esteri- 
fied cholesterol (179, 183) which was absent in the control nerves. The 
changes during Wallerian degeneration were distinguished from those of 
autolysis which involved no change in cerebroside or tota! cholesterol con- 
tent (179, 184). The difference was interpreted to reflect the participation of 
different agents in the two degenerative processes, i.e., intracellular enzymes 
of nerve in autolysis, and of macrophages or Schwann cells during Wallerian 
degeneration (183). McNabb & Rossiter (185) have reported on the lipids 
of peripheral nerve after nerve crush. Here progressive changes similar to 
those in Wallerian degeneration were observed followed by a reversal, and 
a parallel return of the “myelin lipids” to normal levels. McColl & Rossiter 
have analyzed the lipids of squid nerve (186). 

Brante’s paper (179) includes a detailed discussion of the various method 
and techniques employed in such studies, including experimental data sup- 
porting his modifications of these methods. In addition to the material 
mentioned above, the paper includes data on the changes in the lipid com- 
position of nervous tissue during development, during formalin preservation, 
during the course of demyelinizing diseases, and in a variety of brain tumors. 

The cholesterol content of bone marrow has been reported to increase 
with age by Hazen (187). An analysis of salmon egg lipids has been reported 
by Anno (188). 

A comparison of the lipids of arctic and non-arctic fishes has been 
reported by Wilber & Del Pomo (189) and an analysis of algal lipids by 
Deuticke, Kathen & Harden (190). 

Reviews on the histochemistry of lipids in animals (191) and comparative 
biochemical studies on the lipids and sterols of marine invertebrates (192) 
have appeared. Histochemical detection of cell phosphatides (193) and of 
the lipids of the adrenal cortex (194) were reported. 

Special substances.—Folch & Lees (195) have described the separation 
from brain of a hitherto undescribed group of lipoproteins characterized by 
an appreciable solubility in chloroform and chloroform-methanol mixtures. 
These complexes which have been termed proteolipids are insoluble in water 
and may be quantitatively extracted from the tissue by the above-men- 
tioned solvents. Three separate fractions have been prepared, one of them 
in crystalline form containing 55 per cent protein and 45 per cent lipid. 
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A comparison of the neutral fat, sphingomyelin and cephalin content of 
erythrocytes and polymorphonuclear leucocytes of the rabbit has been 
reported by Burt & Rossiter (196). 

Thannhauser, Boncoddo & Schmidt (197) have reported the isolation 
of crystalline acetal phospholipid from brain. A 2,4-dinitrophenylhydrazone 
of the liberated aldehyde was prepared and found to have a melting point 
agreeing closely with the corresponding derivative of palmitaldehyde. 

The metabolism and chemical assay of polyunsaturated fatty acids are 
being actively studied. In confirmation of earlier work reported from the 
same laboratory, Widmer and Holman (198) have shown that rats, main- 
tained on a normal stock dietary, deposit polyunsaturated fatty acids in 
their tissues. In decreasing order, heart, liver, brain, kidney, blood, and 
skeletal muscle were found to be active in this respect. Negligible amounts 
were found in adipose tissues. The rat was shown to be capable of synthe- 
sizing arachidonic acid from linoleic, but not from linolenic acid. On a fat- 
deficient diet, it was observed that linoleic but not linolenic acid can be 
converted to hexaenoic acids whereas linolenic acid is, to some extent, con- 
verted to pentaenoic acids. 

Reiser (199) has reported the presence of pentaenoic and hexaenoic 
acids in the phospholipids and triglycerides of chicks when a low fat diet is 
supplemented with 1 per cent cod liver oil or cotton seed oil. Arachidonic 
and linoleic acids were present in all groups, while linolenic acid was absent 
or found only in trace quantities. Apparently the growing chick cannot 
convert linoleic acid to tri-, penta- or hexaenoic acids but can convert it to 
arachidonic. 

Further studies of the conversion of vitamin A to rhodopsin have been 
reported by Wald and co-workers (200, 201). Haxo (202) has studied the 
composition of the carotenoid pigments of Neurospora. 

Meister (203) has extended his studies on the metabolism of diketo acids 
and has reported the reduction of a series of 2,4-diketo acids (valeric to 
undecylic) by aqueous extracts of acetone powder of muscle. DPN-H:, 
catalyzes the reaction. 


LIPASES AND ESTERASES 


Numerous studies of the specificity and occurrence of lipases and esterases 
have been reported during the year and confusion seems to have arisen from 
the use of various artificial substrates for experimental convenience. 

Gomori (204), using histochemical techniques and chemical methods on 
the tissues of many species, has concluded that “lipase” (pancreatic tissue) 
will hydrolyze Tweens prepared with either saturated or unsaturated long 
chain fatty acids whereas ‘‘esterase”’ (liver tissue) will hydrolyze only the 
Tweens of saturated fatty acids. Nachlas & Seligman (205) using 6-naphthol 
esters of fatty acids as substrates, and measuring the rate of B-naphthol 
liberation colorimetrically, found that although “lipase” (pancreatic 
homogenates of rat, mouse, guinea pig, rabbit, dog, and man) hydrolyzed 
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esters of acetic, lauric, palmitic, and stearic acids, ‘esterase’ (kidney and 
liver homogenates) hydrolyzed esters of acetic and lauric acid only. The two 
activities were further differentiated with inhibitors (quinine inhibited the 
lipase activity whereas arsenilate and fluoride inhibited the esterase activity). 

Fodor (206, 207, 208), using triglycerides, glycol diesters, and monovalent 
alcoholic esters at the butyric acid level has attempted to demonstrate the 
existence of two esterases in hog pancreas, i.e., a triglyceride-splitting enzyme 
(lipase) and a monovalent alcohol esterase. Although these activities have 
not been localized in separate protein fractions, evidence for their separa- 
bility has been obtained by comparing the characteristics of heat, alkali, and 
trypsin inactivation of the two activities. In general, the triglyceride-split- 
ting activity was found to be more resistant to heat, alkali, and trypsin 
than the esterase activity. Interestingly, intermediate types of esters such 
as a,8-propyleneglycol dibutyrate and dibutyrin exhibited intermediate 
behavior in these experiments (208). 

Copenhaver, Stafford & McShan (209) described a method by which 
esterolysis in a bicarbonate-buffered medium is followed manometrically. 
With this technique the hydrolysis of Tween 20 was observed in the presence 
of homogenates of rat tissue under N2/CO:. Liver, kidney, lung, testis, 
adrenal, and corpus luteum were active but pancreas, brain, and placenta 
were inactive. The inactivity of rat pancreas toward Tween 20 is surprising 
and apparently in conflict with the observations of Gomori (204) and of 
Renold & Marble (210). 

The lipolytic activity of adipose tissue taken from humans and from 
rats has been investigated by Reynold & Marble (210). In the rat, the ac- 
tivity of subcutaneous tissue toward Tween 20 was one third that of pan- 
creatic tissue and one half that of liver. Human subcutaneous tissue was 
more active in the female than in the male, about one sixth as active as the 
subcutaneous tissue of the rat, and significantly lower in diabetes. 

Fiore & Nord (211) have reported on the isolation and purification of a 
lipase from Fusarium lini Bolley. By their procedure a stable powder showing 
two electrophoretic components was obtained, which contained no essential 
disulfide or sulfhydryl groups. 

The formation of hydroxamic acids from fatty acids and hydroxylamine, 
previously demonstrated by Lipmann & Tuttle (212) in the presence of 
acetone dried pigeon liver, may not be attributed to the action of a lipase. 
Lipmann & Tuttle (213) have demonstrated the parallel activity of fractions 
of hog liver extracts upon the hydrolysis of tributyrin, upon hydroxamic 
acid formation from octanoate and hydroxylamine, and have noted the 
inhibition of hydroxamic acid formation in this instance by lipase inhibitors. 
The reaction depends upon a relatively high concentration of hydroxylamine, 
is independent of the presence of phosphate donors, and will not proceed 
with acetate. It does not conflict, therefore, with the previous observation 
of Lipmann & Tuttle (212) that acetylphosphate is an obligatory step in 
the formation of a hydroxamic from acetate and hydroxylamine in the 
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presence of acetone dried pigeon liver. In the latter case, addition of ATP 
and a relatively low concentration of hydroxylamine were required. 

Yamamoto, Goldstein & Treadwell (214) have devised a method for 
preparing uniform emulsions of cholesterol oleate using sodium glycocholate 
and albumin in the mixture. With this substrate, some of the characteristics 
of the cholesterol esterase activity of pancreatin were observed, including 
the pH optimum (6.6). Swell & Treadwell (215) in a study of cholesterol 
esterification in the presence of extracts of pancreatin observed that bile 
salts were essential to the synthesis even when the substrate mixture (choles- 
terol and oleic acid) was previously emulsified with Tween 20, thereby indi- 
cating a function for bile salts other than emulsification in this system. A 
sharp optimum pH of 6.2 was reported. Treadwell, Swell & Byron (216) have 
reported that extracts of rat intestinal mucosa contain a cholesterol esteri- 
fying and hydrolyzing system exhibiting the same characteristics as the 
pancreatic system. 

Using cholesterol butyrate as substrate, Fodor (217) observed that the 
characteristics of inactivation by heat, alkali, and trypsin of the cholesterol 
esterase activity of homogenized hog pancreas were strikingly similar to 
those of the aliphatic esterase, suggesting identity. However, the pH opti- 
mum for cholesterol butyrate hydrolysis was 6.3, while the pH optimum 
for the hydrolysis of aliphatic esters is on the alkaline side. Fodor reported 
a pH optimum of 5.2 for the synthesis of cholesterol butyrate. Bile salts 
were apparently unnecessary in this system. 





SONAR HNO 





LIPID METABOLISM 203 
LITERATURE CITED 
. Medes, G., Ann. Rev. Biochem., 19, 215 (1950) 


. Witter, R. F., Newcomb, E. H., and Stotz, E., J. Biol. Chem., 185, 537 (1950) 
. Kennedy, E. P., and Lehninger, A. L., J. Biol. Chem., 185, 275 (1950) 


. Lehninger, A. L., and Kennedy, E. P., J. Biol. Chem., 173, 753 (1948) 
. Johnson, R. B., and Lardy, H. A., J. Biol. Chem., 184, 235 (1950) 


. Witter, R. F., Federation Proc., 9, 247 (1950); unpublished data 
. Lehninger, A. L., J. Biol. Chem., 161, 437 (1945) 


. Lehninger, A. L., J. Biol. Chem., 164, 291 (1946) 


. O'Connell, W. O., and Stotz, E., Proc. Soc. Exptl. Biol. Med., 70, 675 (1949) 

. Fantl, P., and Lincoln, J. G., Australian J. Exptl. Biol. Med. Sci., 27, 403 (1949) 
. Stadie, W. C., Physiol. Revs., 25, 395 (1945) 

. Jacob, A., and Pascaud, M., Compt. rend. soc. biol., 143, 1476 (1949) 


. Kuck, S. K. D., Arch. Biochem., 26, 351 (1950) 


. Bernheim, F., Bernheim, M. L. C., and Wilbur, K. M., J. Biol. Chem., 174, 257 
(1948) 


. MacKay, E. M., Barnes, R. H., Carne, H. O., and Wick, A. N., J. Biol. Chem., 
135, 157 (1940) 


. Weinhouse, S., Medes, G., and Floyd, N. F., J. Biol. Chem., 155, 143 (1944) 


. Crandall, D. I., and Gurin, S., J. Biol. Chem., 181, 829 (1949) 
. Crandall, D. I., Brady, R. O., and Gurin, S., J. Biol. Chem., 181, 845 (1949) 


19. Geyer, R. P., Cunningham, M., and Pendergrast, J., J. Biol. Chem., 185, 461 
(1950) 

20. Weinhouse, S., Millington, R. H., and Volk, M. E., J. Biol. Chem., 185, 191 
(1950) 

21. Geyer, R. P., and Cunningham, M., J. Biol. Chem., 184, 641 (1950) 

22. Lorber, V., Cook, M., and Meyer, J., J. Biol. Chem., 181, 475 (1949) 

23. Buchanan, J. M., Sakami, W., Gurin, S., and Wilson, D. W., J. Biol. Chem., 159, 
695 (1945) 

24. Lifson, N., Lorber, V., Sakami, W., and Wood, H. G., J. Biol. Chem., 176, 1263 
(1948) 

25. Deuel, H. J., Jr., Butts, J. S., Hallman, L. F., and Cutler, C. H., J. Biol. Chem., 
112, 15 (1936) 

26. Atchley, W., J. Biol. Chem., 176, 123 (1948) 

27. Siegel, I., Federation Proc., 9, 227 (1950) 

28. Lorber, V., Lifson, N., Sakami, W., and Wood, H. G., J. Biol. Chem., 183, 531 
(1950) 

29. Lorber, V., Lifson, N., Wood, H. G., Sakami, W., and Shreeve, W. W., J. Biol. 
Chem., 183, 517 (1950) 

30. Vestling, C. S., Williams, J. N., Jr., Kaufman, S., Maxwell, R. E., and Quastler, 
H., Cancer Research, 9, 639 (1949) 

31. Lehninger, A. L., Record Chem. Progress (Kresge-Hooker Sci. Lib.), 11, 75 (1950) 

32. Breusch, F. L., Angew. Chem., 62, 66 (1950) 

33. Weinman, E. O., Chaikoff, I. L., Dauben, W. G., Gee, M., and Entenman, C., 
J. Biol. Chem., 184, 735 (1950) 

34. Goldman, D. S., Chaikoff, I. L., Reinhardt, W. O., Fntenman, C., and Dauben, 
W. G., J. Biol. Chem., 184, 719 (1950) 

35. Janes, R. G., and Brady, J., Am. J. Physiol., 159, 547 (1949) 

36. Ianes, R. G., Proc. Soc. Exptl. Biol. Med., 75, 246 (1950) 








GURIN AND CRANDALL 


. Pignalosa, G., Boll. oculist, 23, 243 (1944) 

. Bernheim, F., and Zauder, H. L., Federation Proc., 9, 150 (1950) 

. Merlini, D., J. physiol., 38, 499 (1949) 

. Brady, R. O., and Gurin, S., J. Biol. Chem., 189, 371 (1951) 

. Borek, E., and Rittenberg, D., J. Biol. Chem., 179, 843 (1949) 

. Zabin, I., and Bloch, K., J. Biol. Chem., 185, 131 (1950) 

. Price, T. D., and Rittenberg, D., J. Biol. Chem., 185, 449 (1950) 

. Bloch, K., Physiol. Revs., 27, 574 (1947) 

. Bloch, K., Cold Spring Harbor Symposia Quant. Biol., 13, 29 (1948) 
. Anker, H. S., J. Biol. Chem., 187, 167 (1950) 

. Brady, R. O., and Gurin, S., J. Biol. Chem., 186, 461 (1950) 

. Chernick, S. S., Masoro, E. J., and Chaikoff, I. L., Proc. Soc. Exptl. Biol. Med., 


73, 348 (1950) 


. Popjik, G., and Beeckmans, M. L., Biochem. J., 47, 233 (1950) 

. Popjdk, G., Folley, S. J., and French, T. H., Arch. Biochem., 23, 508 (1949) 
. Popjik, G., French, T. H., and Folley, S. J., Biochem. J., 46, xxxvi (1950) 
. Folley, S. J., and French, T. H., Biochem. J., 46, 465 (1950) 

. Zabin, I., J. Biol. Chem., 189, 355 (1951) 

. Bloch, K., J. Biol. Chem., 155, 255 (1944) 

. Zabin, I., and Bloch, K., J. Biol. Chem., 185, 117 (1950) 

. Coon, M. C., and Gurin, S., J. Biol. Chem., 180, 1159 (1949) 

. Coon, M. C., J. Biol. Chem., 187, 71 (1950) 

. Plaut, G. W. E., and Lardy, H. A., J. Biol. Chem., 186, 705 (1950) 

. Brady, R. O., and Gurin, S., J. Biol. Chem., 187, 589 (1950) 

. Masoro, E. J., Chaikoff, I. L., and Dauben, W. G., J. Biol. Chem., 179, 1117 


(1949) 


. Masoro, E. J., Chaikoff, I. L., Chernick, S. S., and Felts, J. M., J. Biol. Chem., 


185, 845 (1950) 


. Pihl, A., and Bloch, K., J. Biol. Chem., 183, 431 (1950) 
. Zilversmit, D. B., Chaikoff, I. L., and Entenman, C., J. Biol. Chem., 172, 637 


(1948) 


. Pihl, A., Bloch, K., and Anker, H. S., J. Biol. Chem., 183, 441 (1950) 
. Goldman, D. S., Chaikoff, I. L., Reinhardt, W. O., Entenman, C., and Dauben, 


W. G., J. Biol. Chem., 184, 727 (1950) 


. Popjdk, G., and Muir, H., Biochem. J., 46, 103 (1950) 

. Campbell, I. G., Olley, J., and Blewett, M., Biochem. J., 45, 105 (1949) 

. Blewett, M., Campbell, I. G., and Olley, J., Nature, 164, 621 (1949) 

. Artom, C., and Swanson, M. A., Federation Proc., 9, 147 (1950) 

. Ada, G. L., Biochem. J., 45, 422 (1949) 

. Hevesy, G., Nature, 156, 534 (1945) 

. Little, H. N., and Bloch, K., J. Biol. Chem., 183, 33 (1950) 

. Buchanan, J. M., Sakami, W., and Gurin, S., J. Biol. Chem., 169, 411 (1947) 
. Gould, R. G., and Taylor, C. B., Federation Proc., 9, 179 (1950) 

. Popjék, G., and Beeckmans, M. L., Biochem. J., 47, 233 (1950) 

. Popjék, G., and Beeckmans, M. L., Biochem. J., 46, 547 (1949) 

. Alfin-Slater, R. B., Deuel, H. J., Jr., Scholtz, M. C., and Shimoda, F. K., 


Federation Proc., 9, 144 (1950) 


. Tatum, E. L., Zabin, I., and Bloch, K., Federation Proc., 9, 212 (1950) 
. Ottke, R. C., Simonds, S., and Tatum, E. L., J. Biol. Chem., 186, 581 (1950) 





80. 
81. 


83. 
84. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 


94. 
95. 


96. 
97. 


110. 


113. 


114, 


115. 
116. 
117. 
118. 


= 





80. 
81. 
82. 
83. 


84. 
. Brady, R. O., Lukens, F. D. W., and Gurin, S., Science (In press) 
86. 
87. 
88. 
89. 
90. 
91. 


92. 
93. 
94, 
. Baker, B. L., Ingle, D. J., and Li, C. H., Proc. Soc. Exptl. Biol. Med., 73, 337 


96. 
97. 


98. 
99. 


100. 
101. 


103. 
104. 
105. 
106. 
107. 
108. 
109, 


110. 


111 


114, 


LIPID METABOLISM 205 


Baker, C. G., and Greenberg, D. M., Cancer Research, 9, 701 (1949) 

Salomon, K., Altman, K. I., and Rosa, R., Federation Proc., 9, 222 (1950) 

Bloch, K., Circulation, 1, 214 (1950) 

Chernick, S. S., Chaikoff, I. L., Masoro, E. J., and Isaeff, E., J. Biol. Chem., 
186, 527 (1950) 

Chernick, S. S., and Chaikoff, I. L., J. Biol. Chem., 186, 535 (1950) 


Szago, C. M., and White, A., Endocrinology, 44, 150 (1949) 

Weill, R., and Ross, S., Endocrinology, 45, 207 (1949) 

Li, C. H., Simpson, M. E., and Evans, H. M., Arch. Biochem., 23, 51 (1949) 

Payne, R. W., Endocrinology, 45, 305 (1949) 

Levin, L., and Farber, R. K., Proc. Soc. Exptl. Biol. Med., 74, 758 (1950) 

Campbell, J., Davidson, I. W. F., Snair, W. D., and Lei, H. P., Endocrinology, 
46, 273 (1950) 

Cotes, P. M., Reid, E., and Young, F. G., Nature, 164, 209 (1949) 

Renold, A. E., Marble, A., and Fawcett, D. W., Endocrinology, 46, 55 (1950) 

Balmain, J. H., French, T. H., and Folley, S. J., Nature, 165, 807 (1950) 


(1950) 
Oncley, J. L., Gurd, F. R. N., and Melin, M., J. Am. Chem. Soc.,'72, 458 (1950) 
Forbes, J. C., Dillard, G. H., Porter, W.B.,and Petterson, O., Proc. Soc. Expil. 
Biol. Med., 68, 240 (1948) 
Payne, T. P. B., and Duff, G. L., Proc. Soc. Exptl. Biol. Med., 73, 332 (1950) 
McGhee, E. C., Papageorge, E., Bloom, W. L., and Lewis, G. T., Federation 
Proc., 9, 201 (1950) 
Schneider, J., and Stutinsky, F., Compt. rend. soc. biol., 143, 475 (1949) 
Jiménez Diaz, C., and Castro-Mendoza, H., Bull. Inst. Med. Research, Univ. 
Madrid, 1, 1 (1948) 


. Castro-Mendoza, H., and Jiménez Diaz, C., Bull. Inst. Med. Research, Univ. 


Madrid, 2, 239 (1949) 

Popjak, G., and Beeckmans, M. L., Biochem. J., 46, 99 (1950) 

Artom, C., and Swanson, M. A., J. Biol. Chem., 175, 871 (1948) 

Bondy, P. K., and Wilhelmi, A. E., J. Biol. Chem., 186, 245 (1950) 

Gameltoft, A., Acta Physiol. Scand., 19, 270 (1949) 

Gameltoft, A., Acta Physiol. Scand., 19, 280 (1949) 

Nekhorocheff, J., Compt. rend. soc. biol., 143, 794 (1949) 

Nath, M. C., Chakraborty, C. H., and Hatwalnie, V. G., Science and Culture, 14, 
211 (1948) 

Nath, M. C., and Brahmachari, H. D., Indian J. Med. Research, 37, 61 (1949) 


. O'Connell, P. W., and Daubert, B. F., Arch. Biochem., 25, 444 (1950) 
112. 
113. 


London, I. M., and Rittenberg, D., J. Biol. Chem., 184, 687 (1950) 

Gofman, J. W., Lindgren, F. T., Elliott, H. A., Mantz, N., Hewitt, J., Strisower, 
B., Herring, V., and Lyon, T. P., Science, 111, 166 (1950) 

Gofman, J. W., Jones, H. B., Lindgren, F. T., Lyon, T. P., Elliott, H. A., and 
Strisowner, B., Circulation, 2, 161 (1950) 


. Gertler, M. M., Garn, S. M., and Lerman, J., Circulation, 2, 205 (1950) 

. Gertler, M. M., Garn, S. M., and Sprague, N. B., Circulation, 2, 380 (1950) 
. Gertler, M. M., Garn, S. M., and Bland, E. F., Circulation, 2, 517 (1950) 
118. 


Wilens, S. L., and Elster, S. K., Am. J. Med. Sci., 219, 183 (1950) 








123. 


124. 
125. 


126. 
127. 
128. 
129. 
130. 


131. 


132. 
133. 
134. 
135. 


136. 
137. 
138. 
139. 
140. 
141. 
142. 
143. 
144. 
145. 
146. 
147. 


148. 
149. 
150. 
151. 
152. 
153. 
154. 
155. 


156. 
157. 
158. 
159. 


GURIN AND CRANDALL 
Sperry, W. M., and Webb, M., J. Biol. Chem., 187, 107 (1950) 


. Keyes, A., Federation Proc., 8, 523 (1949) 
. Gram, M. R., and Leverton, R. M., Federation Proc., 8, 384 (1949) 
. Kornerup, V., Arch. Internal Med., 85, 398 (1950) 


Adiersberg, D., Schaefer, L. E., and Dritch, R., Proc. Soc. Exptl. Biol. Med.,'74, 
877 (1950) 

Kobernick, S. D., and More, R. H., Proc. Soc. Exptl. Biol. Med., 74, 602 (1950) 

Chow, T. C., Novelli, G. D., Stadtman, E. R., and Lipmann, F., Federation 
Proc., 9, 160 (1950) 

Stadtman, E. R., Federation Proc., 9, 233 (1950) 

Novelli, G. D., Kaplan, N. O., and Lipmann, F., Federation Proc., 9, 209 (1950) 

Stern, J. R., Shapiro, A., and Ochoa, S., Nature, 166, 403 (1950) 

Shreve, W. W., Federation Proc., 9, 227 (1950) 

Baddiley, J., Ehrensvard, G., Johansson, R., Reio, L., Saluste, E., and Stjern- 
holm, R., J. Biol. Chem., 183, 771 (1950) 

Baddiley, J., Ehrensvard, G., Klein, E., Reio, L., and Saluste, E., J. Biol. 
Chem., 183, 777 (1950) 

Jeseski, J. J., Halvorsen, H. O., and Macy, H., J. Bact., 59, 645 (1950) 

Hietaranta, M., Suomen Kemistilehti [B]22, 33 (1949) 

Thaler, H., and Stahlin, I., Biochem. Z., 320, 84 (1949) 

Thaler, H., Schottmayer, A., Stihlin, I., and Beck, H., Biochem. Z., 320, 87 
(1949) 

Siegel, J. M., and Kamen, M. P., J. Bact., 59, 693 (1950) 

Rosenfeld, W. D., J. Bact., 54, 664 (1947) 

Johns, A. T., Nature, 164, 620 (1949) 

Lemoigne, M., Péaud-Lenoél, C., and Croson, M., Compt. rend., 229, 476 (1949) 

VanDemark, P. J., and Seeley, H. W., Bact. Proc., 127 (1950) 

Swim, H. E., and Krampitz, L. O., Bact. Proc., 125 (1950) 

Saz, H., and Krampitz, L. O., Bact. Proc., 126 (1950) 

Aji, S. J., and Kamen, M. D., Federation Proc., 9, 143 (1950) 

Stoppani, A. O., Nature, 164, 1096 (1949) 

Oginsky, E. L., Smith, P. H., and Solotorovsky, M., J. Bact., 59, 29 (1950) 

Randles, C. L., Bact. Proc., 126 (1950) 

Spoehr, H. A., Smith, J. H. C., Strain, H. H., and Hardin, G. H., Carnegie Inst. 
Wash. Pub., No. 586, 67 (1949) 

Cox, C. D., J. Am. Pharm. Assoc., Sci. Ed., 39, 55 (1950) 

Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 184, 769 (1950) 

Nielsen, N., and Nilsson, N. G., Arch. Biochem., 25, 316 (1950) 

Pan, S. C., Andreason, A. A., and Kolachov, P., Arch. Biochem., 23, 419 (1949) 

Hoffman, O., Osterhof, T. E., and Kriz, E., Arch. Biochem., 24, 450 (1949) 

Diemair, W., and Boresch, C., Z. Lebensm. Untersuch. u. Forsch., 90, 14 (1950) 

Kaibara, T., J. Agr. Chem. Soc. Japan, 22, 89, 144, 146 (1948) 

Bloom, D., Chaikoff, I. L., Reinhardt, W.O., Entenman, C.,and Dauben, W.G., 
J. Biol. Chem., 184, 1 (1950) 

Frazer, A. C., Physiol. Revs., 26, 103 (1946) 

Tidwell, H. C., J. Biol. Chem., 182, 405 (1950) 

Berry, I. M., and Ivy, A. C., Am. J. Physiol., 162, 80 (1950) 

Bollman, J. L., Flock, E. V., Cain, J. C., and Grindlay, J. H., Am. J. Physiol., 
163, 41 (1950) 





160. 
161. 
162. 
163. 


164. 


166. 


167. 


168. 
169. 
170. 
171. 
172. 
173. 
174. 
175. 
176. 


185. 


187. 
188. 
189. 
190. 
191. 
192. 
193. 


194. 
195. 
196. 
197. 


198. 


ry = Nas 


eee ae eT 


a. fee 


nan 2 


0) 
om 


()) 





160. 
161. 
162. 
163. 


164. 


166. 
167. 


168. 
169. 
170. 
171. 
172. 
173. 
. Schwarz, K., Ann. N. Y. Acad. Sci., 52, 225 (1949) 

. Felch, W. C., and Dotti, L. B., Proc. Soc. Exptl. Biol. Med., 72, 376 (1949) 

. Jones, M. E., Koch, F. C., Meath, A. E., and Munson, P. L., J. Biol. Chem., 181, 


179. 
180. 
181. 
182. 
183. 
184. 


185. 
186. 
187. 
188. 
189. 
190. 
191. 
192. 
193, 


194. 
195. 
196. 
197. 


198. 


LIPID METABOLISM 207 


Reiser, R., Proc. Soc. Exptl. Biol. Med., '74, 666 (1950) 

Favarger, P., Helv. Physiol. et Pharmacol. Acta, 7, 371 (1949) 

Sinclair, E., J. Biol. Chem., 121, 361 (1937) 

Jiménez Diaz, C., Marina, C., and Romez, J. M., Bull. Inst. Med. Research, 
Univ. Madrid, 2, 219 (1949) 

Coniglio, J. G., Andersen, C. E., and Robinson, S., Federation Proc., 9, 161 
(1950) 


5. Stamler, J., Bolene, C., Levinson, E., and Dudley, M., Endocrinology, 46, 382 


(1950) 

Montgomery, M. L., Entenman, C. E., Chaikoff, I. L., and Feinberg, H., J. 
Biol. Chem., 185, 307 (1950) 

Shipley, R. A., Chudzik, E. B., Gyérgy, P., and Rose, C.S., Arch. Biochem., 25, 
309 (1950) 

Farber, E., Koch-Weser, D., and Popper, H., Federation Proc., 9, 329 (1950) 

Farber, E., Simpson, M. V., and Tarver, H., J. Biol. Chem., 182, 91 (1950) 

McArthur, C. S., and Lucas, C. C., Biochem. J., 46, 226 (1950) 

Cornatzer, W. E., and Artom, C., J. Biol. Chem., 178, 775 (1949) 

McKibbin, J. M., Federation Proc., 9, 202 (1950) 

Drill, V. A., and McCormick, H. M., Proc. Soc. Exptl. Biol. Med.,'72, 388 (1949) 


755 (1950) 


7. Swanson, M. A., and Artom, C., J. Biol. Chem., 187, 281 (1950) 
78. Hogeboom, G. H., Schneider, W. C., and Pallade, G. E., J. Biol. Chem., 172, 619 


(1949) 

Brante, G., Acta Physiol. Scand. Suppl., 18, 63 (1949) 

Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Biochem. J., 43, 573 (1948) 

Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Biochem. J., 44, 494 (1949) 

Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Biochem. J., 43, 578 (1948) 

Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Biochem. J., 45, 500 (1949) 

Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Can. J. Research, 27, 63 
(1949) 

McNabb, A. R., and Rossiter, R. J., Federation Proc., 9, 203 (1950) 

McColl, J. D., and Rossiter, R. J., Nature, 166, 185 (1950) 

Hazen, E. C., Farm. nueva (Madrid), 14, 562 (1940) 

Anno, K., J. Agr. Chem. Soc. Japan, 23, 162 (1949) 

Wilber, C. G., and Del Pomo, M., Proc. Soc. Exptl. Biol. Med., 72, 418 (1949) 

Deuticke, H. J., Kathen, H., and Harden, R., Naturwissenschaften, 36, 60 (1949) 

Cain, A. J., Biol. Revs. Cambridge Phil. Soc., 25, 113 (1950) 

Bergmann, W., J. Marine Research (Sears Foundation), 8, 137 (1949) 

Bulliard, H., Grundland, I., and Maillet, M., Compt. rend. soc. biol., 144, 192 
(1950) 

Cavallero, C., Rass. clin.-sci. (Ist. biochim. ital.) , 26, 204 (1950) 

Folch, J., and Lees, M., Federation Proc., 9, 171 (1950) 

Burt, N. S., and Rossiter, R. J., Biochem. J., 46, 569 (1950) 

Thannhauser, S. J., Boncoddo, N. E., and Schmidt, G., Federation Proc., 9, 238 
(1950) 

Widmer, C., Jr., and Holman, R. T., Arch. Biochem., 25, 1 (1950) 





208 GURIN AND CRANDALL 
199. Reiser, R., Federation Proc., 9, 218 (1950) 
200. Wald, G., and Brown, P. K., Proc. Natl. Acad. Sci. U. S., 36, 84 (1950) 
201. Hubbard, R., and Wald, G., Federation Proc., 9, 186 (1950) 
202. Haxo, F., Arch. Biochem., 20, 400 (1949) 
203. Meister, A., Science, 110, 528 (1949) 
204. Gomori, G., Proc. Soc. Exptl. Biol. Med., '72, 697 (1949) 
205. Nachlas, M. M., and Seligman, A. M., J. Biol. Chem., 181, 343 (1949) 
206. Fodor, P. J., Arch. Biochem., 26, 307 (1950) 
207. Fodor, P. J., Arch. Biochem., 25, 223 (1950) Pi 
208. Fodor, P. J., Arch. Biochem., 28, 274 (1950) cases 
209. Copenhaver, J. H., Jr., Stafford, R. O., and McShan, W. H., Arch. Biochem., 26, impo! 
260 (1950) amin 
210. Renold, A. E., and Marble, A., J. Biol. Chem., 185, 367 (1950) exchz 
211. Fiore, J. V., and Nord, F. F., Arch Biochem., 26, 382 (1950) other 
212. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 161, 415 (1945) A 
213. Lipmann, F., and Tuttle, L. C., Biochem. et Biophys. Acta, 4, 301 (1950) i 
214. Yamamoto, R. S., Goldstein, N. P., and Treadwell, C. R., J. Biol. Chem., 180, rer 
615 (1949) absol 
215. Swell, L., and Treadwell, C. R., J. Biol. Chem., 182, 479 (1950) let a’ 
216. Treadwell, C. R., Swell, L., and Byron, J. E., Federation Proc., 9, 239 (1950) long 
217. Fodor, P. J., Arch. Biochem., 26, 331 (1950) vivo 
mate 
amin 
chan 
insta 
amir 
dura 
I 
of ai 
rath 
in vi 
para 
‘ 
liver 
of le 
Ritt 
the 
of r 
half 
of \ 
1 
Ato 
’ 
ber, 
prot 








26, 





THE METABOLISM OF PROTEINS AND 
AMINO ACIDS! 


By HENRy Borsook AND CLARA L. DEaAsy 


Kerckhoff Laboratories of Biology, California Institute of 
Technology, Pasadena, California 


Protein turnover is not a precise term; what has been measured in all 
cases but one so far is amino acid turnover in proteins. The distinction is 
important because it has not been excluded that the incorporation of an 
amino acid at a locus in a protein molecule may occur as an enzyme-mediated 
exchange without entailing rupture of the remainder of the molecule; in 
other words, protein turnover may not be protein synthesis. 

Amino acid turnover in proteins is a slow reaction as compared with the 
rates of ordinary chemical reactions. Because the reaction is so slow in 
absolute terms, it was impossible to study the process in any detail im vivo, 
let alone in vitro, until isotope-labeled amino acids could be used. And so 
long as N'* was the only available isotope, only the process as it occurs in 
vivo could be studied, as the measurement of N!* requires milligrams of 
material and it is necessary to isolate labeled amino acids. With C'4-labeled 
amino acids, it is possible to measure micrograms, and, as the carbon inter- 
changes in metabolism less than the nitrogen, it is not necessary, in most 
instances, to isolate the labeled amino acid. Accordingly, with C'*-labeled 
amino acids it is possible to carry out in vivo experiments of a few hours 
duration, as compared with a minimum of several days with N?5. 

It seems likely that a better insight into the mechanism of the process 
of amino acid turnover in proteins will be gained from experiments in vitro 
rather than in vivo. Accordingly, it is necessary to compare the processes 


in vivo and in vitro in order to ascertain to what extent the two are com- 
parable. 


Amino Acip TURNOVER IN Vivo 


Schoenheimer et al. (1) estimated that in the adult rat the half-life of the 
liver proteins was about seven days; this estimate was obtained by means 
of leucine labeled in a stable position with deuterium as a tracer. Shemin & 
Rittenberg (2) used the rate of disappearance of N' from the proteins, after 
the animal’s tissue proteins had been charged with the isotope, as a measure 
of metabolic activity. They obtained the same figure of seven days for the 
half-life of liver protein in the rat. They also found that muscle, the turnover 
of which as a whole is much slower than that of the viscera, consists of a 


1 Written as part of a project under the joint sponsorship of the United States 
Atomic Energy Commission and the Office of Naval Research. 

? Our survey of the literature pertaining to this subject was terminated in Decem- 
ber, 1950. Partly because of the exigencies of space, we have restricted the review to 
protein turnover and synthesis. 
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small fraction that turns over its protein as rapidly as that of the viscera, 
and of a larger, metabolically inert fraction. 

Sprinson & Rittenberg (3) carried this investigation further. They 
developed an equation for estimating, in an animal in nitrogen balance, 
the rate of protein turnover and the size of the metabolic pool of nitrogen. 
They obtained the following estimates of half-life: in the rat that of the total 
protein is 17 days; of the liver, plasma, and internal organs combined 6 
to 7 days; and of the carcass proteins 21 days; in man, total protein 80 days; 
liver and serum proteins combined 10 days; lung, brain, bone, skin, but 
mostly muscle combined 158 days. The metabolically inert fraction appeared 
to constitute a larger fraction of the muscle proteins in man than in the 
rat. These values were based on the rate of urinary excretion of N'-com- 
pounds, chiefly urea, after feeding N1*-glycine. 

Sprinson & Rittenberg’s estimate of rates of turnover, recalculated in 
terms of microequivalents of nitrogen or amino acid per gram of protein 
per hour, are: in the rat 19 and 57 for total and visceral proteins respectively, 
and in man 4.1 and 33 respectively. 

These turnover rates refer to the sum of all the constituent amino acids 
in the protein. In order to compare these values with those obtained in the 
direct measurement of the rates of incorporation of individual amino acids, 
as an approximation, they need to be divided by 20, the number of the 
commonly occurring amino acids. On this basis, the average rate of turnover 
of any one kind of amino acid (but not of a single amino acid residue) in the 
rat is 0.95 and 2.85 wEq. per hour for total and visceral proteins, and in 
man 0.2 and 1.65 respectively. 

The order of magnitude of the energy requirement of these rates of turn- 
over can be computed as follows. There are approximately 156 gm. of protein 
per kg. of body weight. A turnover rate of 4.1 wEq. of amino acid per gm. 
of protein per hr. corresponds to 156X4.1 or 650 wEq. per kg. per hr. The 
free energy of formation of a peptide bond (AF) is approximately 3,500 calo- 
ries or 3.5 keal. (4, 5, 6). On the basis of one peptide bond resynthesized per 
equivalent of amino acid turned over, the free energy requirement is 
3.5 X0.65 X10~ or 2.3X10~* kcal. If we take AH to be equal to 1.5 AF, 
then the heat requirement of the above turnover rate is 1.52.3 X10™ or 
3.5 X 107% kcal. The basal metabolism per kg. body weight is approximately 
1 kcal. per hour or 300 times the requirement of the protein turnover on 
the basis of one peptide bond resynthesized per equivalent of amino acid 
turned over. Even if two peptide bonds per equivalent of amino acid turned 
over were to be resynthesized, the basal metabolism is still greatly in excess 
of the energy (AH) required. 

From the data of Greenberg & Winnick (7) it is possible to calculate 
the amounts of carboxyl-C" glycine incorporated into the proteins of rats. 
Expressed as wEq. per gram of protein, the amounts incorporated at one- 
quarter and at six hours after intravenous injection were, respectively: 
intestinal mucosa, 0.99 and 12.2; bone marrow, 0.66 and 7.1; liver, 0.8 and 
6.8; kidney, 0.49 and 6.4; plasma, 0.16 and 5.9; spleen, 0.16 and 4.8; lung, 
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0.49 and 4.1; muscle, 0 and 0.5; and brain, 0 and 0.3. The figures obtained 
after feeding a rat for three days with leucine or glycine labeled with N15 
were, for liver, 2.85 wEq. per gm. of protein per hr., which is of the same 
order of magnitude as that found one-quarter and six hours after the in- 
travenous injection of C'*-labeled glycine. 

The amount of an amino acid incorporated depends to some, but evi- 
dently not to a great extent, on the amount administered. Thus, in an 
experiment of Goldsworthy et al. (8) in which 13 wEq. of glycine were in- 
jected, after two hours 1.2 wEq. were incorporated per gram of liver protein. 
This rate of 0.6 wEq. per gm. of protein per hr. was only half that found 
when 30 times the amount of glycine was injected (7). 

Winnick et al. (9) injected B-C'4-pL-tyrosine into rats; the amount in- 
jected was the same as in the preceding experiment, i.e., 25 wEq. of DL- 
tyrosine or 12.5 wEq. of L-tyrosine. After 6 hr. the proteins of the various 
organs had incorporated in wEq. of tyrosine per gm. of protein: intestinal 
mucosa, 1.9; kidney, 1.4; plasma, 1.1; liver, 0.63; testes, 0.35; carcass, 0.19; 
brain, 0.13; and muscle, 0.055. The hourly rate in the liver over the six-hour 
interval was 0.1 wEq. per gm. of protein; this is about 1/6 the rate of in- 
corporation of glycine (7). No significant differences were found whether the 
rats bore a sarcoma or were normal. 

The relative rates of incorporation in different tissues are the same for 
all the labeled amino acids which have been tested. Thus, Levine & Tarver 
(10) found that the pattern of distribution of C'*-labeled serine is the same 
as for S*5-labeled methionine. Six hours after injection, the largest amounts 
were in the plasma proteins, and then, in descending order, kidney, liver, 
spleen, and muscle. 

Nardi (11) followed in adult mice the disappearance of radioactivity 
6 hours to 43 days after the injection of glycine with C™ in the methylene 
position. After 43 days, the total remaining in the animal was about five 
per cent of the activity injected, of which 0.81 per cent was in the individual 
tissues and 4.73 per cent in the carcass. Turnover rates in all tissues were 
quite similar. Bone did not show any greater activity than any of the other 
tissues. From 8 to 70 per cent of the radioactivity appeared in the expired 
carbon dioxide in the first 48 hours. The over-all biological half-time of 
retention was 10.5 days. 

With the exception of the study by Greenberg & Winnick (7), the shortest 
time interval after which observations were made was 6 hr. after the feeding 
or injection of the amino acid. Observations reported by Borsook et al. (12) 
indicate that, at such time intervals, the rapidity of the incorporation into 
visceral and serum proteins is missed. These authors used C'4-labeled glycine, 
leucine, histidine, and lysine. The features common to the metabolism of all 
four amino acids after intravenous injection into mice were: the rapid 
disappearance of the labeled amino acid from the blood, so rapid that ten 
minutes after injection less than 3 per cent was in the blood; the appearance 
of radioactivity in the blood proteins later than in the visceral proteins; the 
very rapid incorporation of labeled amino acids into the visceral proteins, 
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attaining at least 75 per cent of the maximum one-half hour after the 
injection; the more rapid decrease of the labeled amino acid in the non-pro- 
tein fraction of the viscera than in the protein fraction; the small fraction 
of bound amino acid (peptide); and the rapid appearance of labeled carbon 
dioxide in the expired air, attaining nearly its maximum one hour after in- 
jection. Ten to twenty minutes after injection, a large fraction of the injected 
amino acid was found in the carcass; after this time it rapidly decreased, so 
that, one hour after injection, little or no radioactivity could be detected 
there. After one hour the visceral and serum proteins were in balance with 
respect to their content of labeled amino acid. The rates of incorporation 
varied with the individual amino acids and ranged, one-half hour after 
injection, from 3 to 7 wEq. per gm. of protein per hr. The incorporation of 
glycine and of histidine proceeded unslackened for 30 min. after the injec- 
tion; with leucine and lysine the maximum rates came earlier. From one-half 
hour after the injection, the rates of incorporation of each of the four 
amino acids diminished progressively until, after 4 hr., there was practically 
no further increase in labeled amino acids in the proteins. Essentially the 
same was found in rabbits and in guinea pigs. 

The metabolism of a-amino-adipic acid was different from that of gly- 
cine, leucine, histidine, and lysine. Although the L-form was injected, none 
was incorporated into the visceral or plasma proteins. It was oxidized to 
yield its Cin the expired air approximately as fast as lysine. These findings 
are in accord with those of Miller & Bale (13) who fed D,L-lysine-6-C" to a 
dog and found 24 hours later no evidence of a-amino-adipic acid in the pro- 
teins. It appears, therefore, that a-amino-adipic acid is a catabolic product 
of lysine in animal tissues (14, 15) and is not a normal constituent of animal 
proteins. Windsor (16) has found, however, that a-amino-adipic acid is a 
constituent of immature corn protein. The findings with a-amino-adipic 
acid in mice also indicate that an animal will not incorporate into its proteins 
an amino acid which is not a normal constituent. 

In rabbits the rates of incorporation were followed in four different 
fractions of liver: nuclei, mitochondria, microsomes, and supernatant. One- 
half hour after injection the labeled amino acid was found in all four frac- 
tions. The greatest incorporation was in the microsome fraction (12). 

From the foregoing observations it may be concluded that the different 
fractions of liver have different rates of anabolism. It would be expected, 
therefore, that they also have different rates of catabolism, i.e., loss of 
nitrogen during protein starvation. This was found to be so (17, 18, 19). 
Relatively the greatest losses occurred in the mitochondrial and microsome 
fractions, and little or no loss in the nuclear fraction. Similar changes oc- 
curred in hepatomatous as compared with normal liver and in rats fed car- 
cinogenic compounds (20 to 25). 

Mitochondria and microsomes are among the most active of components, 
metabolically, of liver. The greatest losses in protein occur in them. That 
the loss is not restricted to a “storage protein’”’ but to active enzymes is 
indicated in the findings of Miller (26) that maintenance of rats on low or 
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nonprotein diets is associated with loss in liver protein of catalase, alkaline 
phosphatase, xanthine dehydrogenase, cathepsin, and arginase. Refeeding a 
high protein diet leads to prompt restoration of enzyme activity and total 
liver protein. Evidently enzymes as proteins participate in a dynamic 
nonspecific manner in the metabolism of proteins in general. 

Accordingly, the xanthine oxidase activity of liver has been found to be 
a sensitive index of the availability of dietary proteins. Miller (27) had 
demonstrated that loss of liver xanthine oxidase activity in the rat exceeded 
the loss of total liver protein during inanition; and Westerfeld & Richert 
(28) observed that increasing the levels of protein in the diet increased the 
liver xanthine oxidase activity. Williams & Elvehjem (29) found, using xan- 
thine oxidase activity as a criterion, that methionine in dietary casein is not 
readily available to the rat, whereas acid-hydrolyzed casein or a mixture 
of purified 4amino acids corresponding to the composition of casein are 
utilized more completely. 

In this context may be cited the finding of Bartlett & Gaebler (30) that 
growth hormone preparations, at dosage levels well above those required to 
produce a physiological body weight gain, produced a significant increase 
in the concentration of kidney glutaminase in 26 to 28-day old hypophysec- 
tomized rats. At dosage levels just sufficient to produce a body weight gain 
there was no change in kidney glutaminase, nor in normal female rats 5 to 
6 months old. There was no effect of anterior pituitary growth hormone 
preparations on the hydrolysis of glutamine by kidney and liver (31) glutami- 
nase in vitro. Glutamine does not appear to function as interim storage 
nitrogen (32). 

In accord with the view of the participation of enzymes in the actively 
metabolizing pool of protein, Anfinsen (33) found that when bovine pancreas 
slices were incubated in Ringer’s solution containing COx, the subsequently 
isolated ribonuclease was radioactive and approximately twice as active 
as the average of the slice proteins. 

It has been found in feeding experiments (34 to 43) that an indispensable 
amino acid is ineffective for growth, or for recovery from protein depletion, 
or for maintenance, unless it is fed or injected within a few hours of other 
necessary amino acids. The interpretation placed on this finding has been 
that all the amino acids must be present at concentrations greater than the 
fasting levels for protein synthesis to occur. This interpretation is not in 
accord with direct observations on the fate of either injected or fed labeled 
amino acids. After the injection or feeding of a single labeled amino acid, 
whether dispensable or indispensable, it is found extensively incorporated 
into the proteins of the animal in a few minutes. 

Sanadi & Greenberg (44) found that young rats on a tryptophan- 
deficient diet incorporated intraperitoneally-injected C-labeled tryptophan 
more slowly than litter mates receiving tryptophan in their diet. Animals on 
a diet deficient in phenylalanine showed only slight reduction in the rates of 
incorporation of C-labeled tryptophan and glycine. These findings do not 
support the above interpretation of the feeding experiments, where it has 








214 BORSOOK AND DEASY 


been found necessary to give an indispensable amino acid within +4 hr. 
of the other amino acids. In fact they are not susceptible of any single 
interpretation. 

Sprinson & Rittenberg (45) published some interesting observations. 
Leucine was synthesized, labeled in the a, 8, and y-positions with deuterium 
and with N' in the amino group. The L-isomer was fed to rats and later 
the leucine was isolated from the proteins of the carcass and internal organs. 
The deuterium content of the hydrogens of the a- and B-positions and the 
N!5 content of the amino group were determined. The results indicated that 
the B- and y-hydrogens accompanied the carbon skeleton of the leucine. 
The a-hydrogen did not; it was partially replaced by normal hydrogen. 
This replacement was greater in the leucine found in the carcass protein 
than in the internal organs. When they fed benzoic acid and glycine (labeled 
with N!° and the a-hydrogen with deuterium) and isolated the glycine from 
the excreted hippuric acid, they found that the nitrogen of the glycine had 
been diluted 2.2 and 2.7 times in two experiments, and the a-hydrogen was 
diluted 11 and 23 times. Qualitatively the lability of the a-hydrogen can 
be explained on the basis of transamination, since it has been shown that 
the a-hydrogen is involved in transamination (46). Even then it is difficult 
to understand why the dilution of the a-hydrogen with respect to the nitro- 
gen was greater in muscle than in the internal organs. Another possibility 
(it must be admitted without any evidence at present in its support) is 
labilization of the a-hydrogen in the intact protein molecule by enolization. 

Friedberg (47) found that the injection of dehydrocorticosterone into 
adrenalectomized rats reduced slightly the rate of incorporation of S**- 
labeled methionine into the proteins of all the tissues examined (liver, mu- 
cosa, plasma, kidney, muscle). 

This result is in accord with the interpretation of Lotspeich (48) on the 
effects of insulin, alloxan, and pituitary hormones on the amino acid con- 
centration in the blood. Taking a decrease in amino acids in the blood as 
evidence of protein synthesis and an increase as evidence of breakdown, 
Lotspeich found that in the normal animal carbohydrate promotes synthesis 
in the diabetic breakdown of protein; adrenocorticotropic hormone (ACTH) 
was, in this sense, diabetogenic; insulin in the diabetic animal, like carbo- 
hydrate in the normal, promoted synthesis. 

Plaut et al. (49) injected C-labeled formate intraperitoneally into rats 
and compared the rates of incorporation of C into the liver and visceral 
proteins in normal and folic acid-deficient animals. The normal animals 
fixed 10 times as much C" into their liver proteins, and three times as much 
into the visceral proteins as the deficient animals. The C'* was predominantly 
in the B-carbon of serine and was much higher in the.folic acid-treated ani- 
mals than in those not treated. Similar differences in C incorporated were 
found in aspartic acid, glutamic acid, arginine, and glycine. From the distri- 
bution of the Cin the glutamic and aspartic acids, the amidine group of 
arginine, and the expired carbon dioxide, the authors concluded that folic 
acid was involved in the conversion of formate to carbon dioxide. 








inh 
tio 
nin 
act 
inc 
sio! 
rev 
of 
of 

not 
otk 


to 
the 
pre 


firs 
am 
aci 


aci 
aci 
mz 
ba 
gl} 


an 
hr 
an 


ac. 
th 


co 
in 
th 
hi 


an 
let 


at 


in 


tri- 


lic 





METABOLISM OF PROTEINS AND AMINO ACIDS 215 


Ethionine fails to support growth on a methionine-deficient diet and 
inhibits growth of some microorganisms; methionine relieves the inhibi- 
tion (50 to 53). Ethionine inhibited the incorporation of S*-labeled methio- 
nine and C-labeled glycine. The feeding of unlabeled methionine counter- 
acted the inhibitory effect of ethionine on both methionine and glycine 
incorporation. Valine was ineffective as an anti-inhibitor. The conver- 
sion of methionine to cystine was also inhibited by ethionine. A complete 
reversal of the inhibition of this process was not attained with large amounts 
of methionine. The authors believe that the inhibition of the incorporation 
of two different amino acids by ethionine is evidence for the complete de 
novo synthesis of protein as against an opening and closing of bonds, in 
other words, amino acid exchange (54). 

When N?*-labeled B-alanine was injected into fasting rats, it was found 
to be more rapidly deaminated than either L-aspartic acid or glycine. On 
the other hand, the rate of incorporation of the N!* via amino acids into 
proteins was the same for N!°-labeled 8-alanine, L-aspartic acid, and glycine. 
This result is unexpected, because the N' of B-alanine presumably must 
first be released into the general nitrogen pool before incorporation into 
amino acids and thence into proteins, whereas large fractions of the aspartic 
acid and lysine are incorporated directly without prior deamination (55). 


AMINO AcID TURNOVER IN VITRO 


Intact cells incubated in vitro with labeled glycine or a labeled L-amino 
acid added to the medium have incorporated into their proteins every amino 
acid so presented to them. The tissues so far tested have been: rat and rabbit 
marrow cells (56), duck erythrocytes (57), rat diaphragm (58), and resting 
bacteria (59). The amino acids that have been tested so far are: alanine, 
glycine, histidine, leucine, lysine, methionine, phenylalanine, tryptophan, 
and tyrosine. 

In rabbit bone marrow cells the rates of incorporation of glycine, leucine, 
and lysine were, respectively, 0.5, 2.9, and 1.8 wEq. per gm. of protein per 
hr. (56). In the case of rat diaphragm, the rates were for the same three 
amino acids, 0.2, 0.3, and 0.18 wEq. per gm. of protein per hr. (58). 

Destruction of cell structure abolished the incorporation of labeled amino 
acids in the marrow cells (56). Homogenization of the rat diaphragm reduced 
the rate to one-quarter (58). 

Shemin & Rittenberg (57) found that N**-labeled histidine was in- 
corporated in vitro into the proteins of nucleated erythrocytes of the 
duck. 

Borsook ef al. (60) found that circulating rabbit reticulocytes rapidly 
incorporate C-labeled leucine. The amino acid was incorporated both into 
the hemoglobin and other proteins of the reticulocyte, with a somewhat 
higher concentration in the hemoglobin. Of the total leucine incorporated 
into the hemoglobin, less than 1 per cent was terminal, containing a free 
amino group. Normal circulating erythrocytes do not incorporate any 
leucine. Approximately 5 uM of leucine were incorporated into the hemo- 
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globin per gm. of protein per hr., or about 0.3 per cent of the leucine had 
become labeled. 

Abrams et al. (61) incubated rabbit bone marrow slices with C'-carboxyl- 
labeled acetate. After 6 hr. incubation, the C™ was found in the amino acids 
of the proteins. There was less incorporation from NaHCO; than from 
acetate. Most of the labeled C™“ was found in the carboxy] groups of glutamic 
and aspartic acids. Added glutamate had no effect on the rate of incorpora- 
tion of labeled glycine. The rate of incorporation of the C™ from either 
acetate or bicarbonate paralleled the rate of respiration; homogenization 
diminished the rate of incorporation and of oxygen consumption. There was 
no incorporation under nitrogen. 

Rat liver slices, similarly, have incorporated labeled glycine and every 
natural L-amino acid with which they were incubated in vitro, and the rates 
were of the same order of magnitude as in vivo (62). It is interesting in this 
connection that, when liver slices were incubated with C"*-labeled bicar- 
bonate, a relatively large proportion of the aspartic and glutamic acids in 
the proteins were found to be labeled with C™ after only a short period of 
incubation (1 to 2 hr.) (63). 

The uptake of labeled amino acids is much faster in vitro in embryonic 
(64) and malignant than in normal tissues (65), but, im vivo, no difference 
was found in the rate of incorporation in normal liver and in hepatoma (66). 

Peters & Anfinsen (67) found a more rapid incorporation of CO, into 
the glutamic acid of a protein fraction indistinguishable from serum albumin 
than into all the other proteins of the liver slice. Similar findings were made 
with carboxyl-labeled alanine. They reported later (68) evidence of a net 
production of serum albumin by chicken liver slices. The serum albumin 
was measured by an immunological method. The rate of production, under 
their conditions, was 0.12 mg. per gm. of liver per hr. Confirming their 
previous finding, large amounts of C“O, were found in the dicarboxylic 
amino acids of the albumin newly formed. From their data it is possible to 
compute the number of micromoles of serum albumin synthesized and the 
number of micromoles of carbon dioxide fixed in the amino acids of the 
protein. The rates they found were, respectively, 310-3 and 18110" 
micromoles per gm. of liver per hr. 

Rutman et al. (69) had demonstrated that two highly inbred strains of 
rats incorporated in vitro S**-p,L-methionine into liver slice proteins at sig- 
nificantly different rates. Rutman (70) continued this investigation and found 
a significant influence of the maternal milk on the hereditary transmission 
of this characteristic. 

Disintegration of cell structure reduces or abolishes entirely the incor- 
poration of labeled amino acids. The important point is that some incorpora- 
tion of labeled amino acids does occur in homogenized tissues; and, with 
homogenates, certain information is obtained which is not obtainable any 
other way. For example, L-lysine is incorporated into liver homogenate by 
apparently two different enzyme systems. For one, the optimum pH is 
about 6.2 and calcium ions (optimum concentration 0.004 M) are required; 
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for the other, the optimum pH is about 7.4 and the addition of calcium ions 
is not obligatory. The first reaction was found to be confined to the particle- 
free supernatant of the homogenate; the second, to the nuclear and mito- 
chondrial fractions. Another example: three particulate fractions and the 
supernatant, particle-free solution differed in the rates with which they 
incorporated glycine, leucine, histidine, and lysine, indicating functional 
differences among the different components of the homogenate (71). Other 
functional differences had been demonstrated earlier (72). Of some general 
interest is the conclusion that must be drawn that the incorporation of 
labeled amino acids into the proteins does not, in the adult cell, necessarily 
depend on the direct participation of the nucleus. If one assumes that the 
amino acid pattern of the protein molecule is retained after the incorporation 
of the labeled amino acid, and, since this pattern is an inherited characteris- 
tic, it follows that the nucleus exerts its hereditary influence prior to the 
direct action of the enzymes in the adult cell. 

The liver homogenates of folic acid deficient chicks incorporated C'- 
labeled glycine at } to } the rate of chicks fed folic acid. Jn vitro, the addition 
of folic acid to the liver homogenates from the deficient chicks had a slight 
or negligible effect. It was found in this study also that the livers of chicks 
receiving folic acid had transformed glycine to serine much more rapidly 
than in the deficient animals. Also, creatine, uric acid, xanthine, and thymine 
isolated from the livers of the replete chicks had much higher activities 
than those from the livers of deficient chicks. In both groups, adenine and 
guanine had slight or no activity, and uracil was moderately active (73). 

In all cases but one so far studied, the rate of uptake in vitro of labeled 
amino acids was a logarithmic function of the initial concentration of the 
labeled amino acid up to a certain optimum concentration (0.003 to 0.001.1/). 
Higher concentrations were inhibitory. In the case of lysine in liver homog- 


/ 


enate, the relation of rate of uptake to initial concentrations was linear. 
The general conclusion is that the concentrations of labeled amino acids 
from which tissues can incorporate them in vitro into their proteins are of 
the order of those of the blood. And the dependence of the rate of uptake 
on concentration of labeled amino acid is greatest in the physiological 
range of concentration (56, 58, 62). The fact that the relation between 
rate of uptake and initial concentration is logarithmic (in most cases at 
least) may be part of the explanation of a finding such as that cited above, 
where a 30-fold increase in the amount of glycine injected only doubled the 
rate of its incorporation into the proteins of the liver; it may equally explain 
the logarithmic decrease in nitrogen excretion in passing from a high to a 
low level of nitrogen balance (4, 74). 

The results of the foregoing studies are, in general, that intact cells 
have been found to incorporate into their proteins in vitro glycine and every 
naturally occurring L-amino acid, both dispensable and indispensable, pre- 
sented to them, that the rates of incorporation are of the same order of 
magnitude as in vivo, and that the concentrations from which amino acids 
are taken up are within their range in the blood. Homogenates are less effec- 
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tive than intact cells, but in the cases of liver and diaphragm homogenates 
amino acids may still be taken up. 

The interpretation placed on the feeding experiments referred to above, 
that all the amino acids must be present at concentrations greater than the 
fasting levels for protein synthesis to occur, is not only difficult to reconcile 
with the rapid and extensive incorporation of a single amino acid into tissue 
proteins in vivo and in vitro, but it also is not in accord with the finding 
that labeled amino acids are incorporated independently of each other. 
This has been tested in tissues of three different animals with four different 
amino acids (glycine, leucine, lysine, and histidine) (56, 58, 62). In vivo 
some of all the amino acids are present in the tissues in a free state even in 
the fasting animal. Tarver & Schmidt (75) fed labeled methionine to fasting 
animals and found that it was incorporated into all the tissue proteins. The 
independent incorporation of labeled amino acids raises the question 
whether the process reflects protein synthesis de novo from amino acids or 
an enzyme-mediated amino acid exchange. 


MECHANISM OF AMINO AcID INCORPORATION AND PEPTIDE SYNTHESIS 


In the one case tested so far, that of lysine, the L-isomer was taken 
up by guinea pig liver homogenate much faster than the unnatural p form. 
A part certainly, and possibly all, of the effect of the p-lysine may be ascribed 
to the small amount of the L-form in the D preparation used (62). 

The free energy of formation of most peptide bonds in small peptides 
corresponds to an equilibrium position beyond 99 per cent hydrolysis. 
Peptide synthesis from amino acids cannot, therefore, under physiological 
conditions be a simple mass action reversal of hydrolysis. 

It is to be expected, therefore, that the uptake of labeled amino acids 
by tissue proteins will be inhibited by inhibitors of respiration and phos- 
phorylation. 

In most instances this was found to be the case. Thus anaerobiosis, 
arsenate, arsenite, azide, and dinitrophenol inhibited the uptake of glycine, 
L-leucine, and L-lysine by bone marrow cells and diaphragm (56, 58). 
Melchior et al. (59) found that the uptake of methionine by E. coli was 
inhibited by azide, fluoride, and cyanide; Winnick et al. (76) that oxygen 
consumption and glycine uptake by rat liver homogenate went together and 
the process was inhibited by anaerobiosis; Frantz et al. that anaerobiosis 
(77) and dinitrophenol (78) inhibited the uptake of alanine by rat liver 
slices. 

But there are exceptions. The uptake of lysine in guinea pig liver homog- 
enate or in any of its fractions is not inhibited by anaerobiosis (62). The 
process is inhibited in varying degrees by arsenate, arsenite, azide, dini- 
trophenol, and fluoride. Interpretation of the effects of inhibitors is compli- 
cated by the fact that lysine is taken up in liver homogenate by two dif- 
ferent enzyme systems. Another partial exception is the uptake of histidine 
by bone marrow cells; it is only partially, instead of completely, inhibited 
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by anaerobiosis (60). It needs to be emphasized that the uptake of lysine 
and of histidine was, in most tissues, inhibited completely by anaerobiosis. 
Nevertheless, the exceptional cases call for caution against generalization 
even with respect to so elementary a condition as dependence of amino acid 
uptake on respiration. Syntheses, analogous to those of disaccharides by 
sucrose phosphorylase [Doudoroff et al. (79)] may occur. In the latter case 
most of the free energy of the bond is retained in a complex of the enzyme 
and one cleavage product. Another cleavage product may then recombine 
with that on the enzyme and so reconstitute a peptide bond; this process 
would be independent of respiration. 

The inhibitory effects of arsenate and dinitrophenol suggest that respira- 
tion promotes peptide synthesis by way of phosphorylation. That phosphory- 
lation plays a part in the synthesis of some types of peptide bonds is now 
established. Adenosinetriphosphate (ATP) is necessary for the synthesis 
of glutamine (80), hippuric acid (81), p-aminohippuric acid (82), and orni- 
thuric acid (83). The precise relation of phosphorylation to peptide bond 
synthesis is not clear. Lipmann (84, 85) suggested transphosphorylation and 
Spiegelman & Kamen (86) that nucleic acids may act as phosphate donors. 
As phosphorylation is coupled with respiration, protein and peptide syn- 
thesis would ultimately depend, if phosphorylation is a necessary inter- 
mediate step, on respiration. 

Sheehan & Frank (87) have carried out the first in vitro synthesis of 
peptide bonds employing amino acyl derivatives. They described the syn- 
thesis of two model high energy phosphorus compounds: phthalylglycyldi- 
benzyl phosphate and N-carbobenzoxyglycyl dibenzyl phosphate. The 
former compound was found to react with pL-phenylalanine and with glycine 
under conditions simulating the physiological to form phthalyl peptides. 

Suggestions that transacylation (88), ketopeptides (89) or dehydropep- 
tides (90) may be involved in peptide synthesis appear now, from the work 
of Simmonds eé al. (91), to be improbable if not excluded. 

The further fact that peptidases may have a role in the incorporation of 
amino acids into tissue proteins appears to be excluded by the finding that 
metal ions, such as cobalt, copper, iron, manganese, and nickel, on which 
the activity of a number of peptidases has been shown to depend (92), 
were found to be either inhibitory or without any effect (62, 71). 

Fruton (93) digested benzoylglycine amide with cysteine-activated 
papain in the presence of N!°-labeled ammonia. At all stages before complete 
hydrolysis, the amide radical in the unhydrolyzed residue was _ partially 
replaced by N!°-ammonia from the medium. The finding is significant be- 
cause the substrate is .practically completely hydrolyzed by this enzyme, 
and the amount of replacement was greater than the calculated equilibrium 
amount. But the degree of replacement was very small. For example, at 
32 per cent hydrolysis the percentage of replacement of the unhydrolyzed 
amide was 0.46. In a similar experiment with carbobenzoxy-L-methionine 
amide, at 76 per cent hydrolysis there was 0.26 per cent replacement of 
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the unhydrolyzed amide. Fruton suggested that the carboxyl group of the 
peptide bond was activated in the replacement and that the enzyme com- 
bined with the oxygen of the carboxy! group. 

Fruton and his collaborators (94), in studying this reaction further, 
found that the optimum pH for replacement was higher than that for 
hydrolysis. At pH 9, they found a rough proportionality between hydrolysis 
and replacement. 

An analogous reaction was found between acylamino acid amides 
and hydroxylamine to form hydroxamic acids: RCONH:+NH.OH 
=RCONHOH+NHs3. Substrates with hydroxylamine were: benzoyl-L- 
arginineamide, carbobenzoxy-L-isoglutamine, carbobenzoxy-L-isoaspara- 
gine, benzoyl-glycineamide, carbobenzoxy-L-serine-amide, carbobenzoxy- 
L-methionineamide, and carbobenzoxy-D-methionineamide. The D-com- 
pound was neither hydrolyzed nor did it form the hydroxamic acid. In the 
case of all the others there was a proportionality between the degree of 
hydrolysis and hydroxamic acid formation. A lower pH favored hydrolysis; 
a higher pH, hydroxamic acid formation, except in the case of benzoyl-t- 
arginineamide. The authors report that they have found similar results with 
cathepsin as enzyme. The hydroxamic acid formed was always a small 
fraction of the ammonia liberated from the amide. 

A similar reaction: glutamine + hydroxylamine—glutamohydroxamic 
acid+ammonia was found by Stumpf & Loomis (95) to be catalyzed by an 
enzyme from sugar-pumpkin seedlings. In this case they demonstrated that 
equimolar amounts of hydroxamic acid and ammonia were simultaneously 
formed. In contrast to the glutamine-synthesizing system of Speck (80), 
this enzyme is not inhibited by iodoacetate and does not require sulfhydryl 
reagents for activation. Asparagine is inactive. Manganese is a component 
of the enzyme system, and, in addition, either inorganic phosphate or arse- 
nate. Arsenate is two to three times as effective as phosphate in activation. 
Coenzyme A, ATP, and ADP are ineffective in this system. A ten-fold 
concentration of ammonia above that of the original glutamine completely 
inhibited hydroxamic acid formation. Similar results were obtained with 
glycine, alanine, aspartic acid, and serine; 11 other amino acids gave little 
or no inhibition. In addition to the above enzyme system, crude extracts 
of pumpkin seedlings were found to form, in the presence of hydroxylamine, 
hydroxamic acids from aspartic acid, glutamic acid, and asparagine. 

A reaction analogous to that described by Fruton et al. (93, 94) has been 
reported by Hanes et al. (96). The crude enzyme preparation from kidney 
containing 0.001 7 magnesium and 0.05 WM glutathione, when incubated 
with 0.05 MM leucine, phenylalanine, or valine, gave small amounts of the 
y-glutamyl peptides of the foregoing amino acids. Filter paper chromato- 
grams supplied the evidence for the formation of the new peptides. The 
authors proposed that cysteinylglycine is liberated with the formation of 
the y-glutamyl peptide with other amino acids that may be in solution. As 
far as the published evidence permits estimation, it appears that the degree 
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of hydrolysis of the glutathione was greater than the formation of the 
glutamyl peptide. Extracts were obtained from pig kidney, the acetone pow- 
der of pig kidney, and fresh ox pancreas. Extracts of liver were inactive. It 
is pertinent to recall in this connection, as Waelsch & Rittenberg (97) have 
shown, that the amino acid turnover of glutathione in liver is very active 
in vivo and in vitro. 

Zamecnik & Frantz (66) and Frants & Loftfield (98) reported that, 
when glycylglycine is hydrolyzed by a dipeptidase in the presence of C'- 
labeled glycine, the theoretical amount of the labeled glycine is found at 
equilibrium in the dipeptide; but, when the reaction is stopped short of 
equilibrium, the amount of labeled glycine in the dipeptide is greater than 
the calculated equilibrium amount. Similar findings were obtained with a 
carboxypeptidase, but, as in the cases studied by Fruton et al. (93, 94), the 
replacement in the unhydrolyzed dipeptide was slight. 

Waldschmidt-Leitz & Kiihn (99) studied in detail the synthesis of 
hippurylanilide, the type of synthesis found by Bergmann et al. (90,100). 
Using nearly equivalent amounts of hippuric acid and aniline, with papain 
as enzyme, there was 94 per cent synthesis of the anilide. The equilibrium 
was approached from both sides. They could not obtain synthesis of hip- 
purylamide from hippuric acid and ammonia; the amide was completely 
and rapidly hydrolyzed. The condensation with hippuric acid occurred with 
aniline, o-, m-, and p-toluidene, o- and p-aminophenol, o-anisidin, p-phene- 
tidin, p-aminobenzoic acid, sulfanilamide, and o- and p-phenylenediamine. 
The following bases were inactive: N-methylaniline, o-aminobenzoic acid, 
sulfanilic acid, a-aminopyridine, adenine, benzylamine, cyclohexamine, and 
ammonia. 

From their data it is possible to calculate the free energy of formation 
(AF) of hippurylanilide under their conditions. The value is approximately 
—5,000 calories at 37°, whereas the free energy of formation of small peptides 
is of the order of magnitude of +3,500 calories. In other words, the formation 
of the anilide proceeds spontaneously, as they found, but the formation 
of peptides and amides does not. This is the explanation of their failure to 
obtain condensation of hippuric acid and ammonia. 

The findings of Fruton (93, 94) and Hanes (96) have revived interest in 
Bergmann’s suggestion that peptidases may, in vivo, promote peptide syn- 
thesis. The newer findings do not appear to make this any more likely for 
the following reasons: the amount of new peptide formed is always much 
less than the initial substrate hydrolyzed; the new peptide is not more com- 
plex than that hydrolyzed; and, where a free amino acid is incorporated 
into a new peptide, it is always terminal. Direct evidence has been cited 
above (60) of the incorporation of leucine into hemoglobin in a position in 
which at least its amino group is not free. The fact that every amino acid 
which has been tested has been found to be incorporated into tissue proteins 
argues strongly against most of them being terminal. The new peptides 
which arose in the hydrolysis of glutathione were all y-glutamyl] peptides. 
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No synthesis of a-peptides has yet been reported by trans-peptidation reac- 
tions. 

A new type of enzymatic synthesis of peptides has been found by 
Brenner et al. (101). They incubated methionine esters with chymotrypsin 
and found that, in addition to the hydrolysis of the ester, a large amount of 
high molecular weight peptides was formed, after one to two days incubation. 
The usual reaction mixture consisted of 100 parts of ester and five parts of 
water. The reaction stopped when the reaction product became of so high a 
molecular weight that it became insoluble. No peptide formation occurred 
with only free methionine in the reaction mixture. The course of the reaction 
was followed by filter paper chromatography, and, from the evidence 
thus obtained, the authors concluded that the lower molecular weight 
peptides were formed first; these then reacted with the ester, with resultant 
lengthening of the chain. Accordingly, their view of the mechanism of the 
reaction is that the ester is hydrolyzed first; the free amino acid then con- 
denses with the ester, with the elimination of the alcohol and the formation 
of the peptide. The high molecular weight peptide is slowly hydrolyzed by 
chymotrypsin. In no case did the authors observe peptide synthesis without 
simultaneous appearance of free amino acids. In the case of methionine ester, 
one part by weight of peptide was formed for every two parts by weight of 
methionine liberated as the free amino acid. With threonine esters, relatively 
more peptide was formed. With phenylalanine, tyrosine, and tryptophan 
esters, there was more free amino acid. Most of the work was done with 
methionine esterified with a wide variety of aliphatic and aromatic alcohols. 

Virtanen and co-workers (102) have taken up the old phenomenon of 
plastein formation (103). This phenomenon consists in the enzymatic forma- 
tion of an insoluble, high molecular weight peptide, or mixture of such, in a 
concentrated partial hydrolysate of protein. The enzyme usually used for 
this reversal of hydrolysis has been pepsin. In the plasteins found in the 
experiments of Virtanen ef al. the free amino nitrogen was two to three per 
cent of the total nitrogen; the authors estimated that, on the average, the 
plastein contained 40 amino acid residues. They concluded from cryoscopic 
and viscosity measurements that the molecular weight varied from 2,500 
to 10,000. This and the low free amino nitrogen indicate that the plastein 
consisted of cyclic peptides. No plastein formation was obtained when the 
initial reaction mixture consisted of either free amino acids or a mixture 
of di- and tri-peptides. Beginning with peptides of greater complexity, 
plastein formation occurred. 

Tauber (104) observed plastein formation in peptic digests of several 
proteins with chymotrypsin (trypsin was inactive in the synthesis). Hitherto, 
plastein formation has always been carried out in the neighborhood of pH 4; 
with chymotrypsin the reaction proceeded rapidly in the neighborhood of 
pH 7.3. “The average molecular weights of the synthetic products as deter- 
mined in the analytical uitracentrifuge are estimated to be in the range 
250,000 to 400,000.”" As in the case of plasteins formed by pepsin, they were 
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hydrolyzed in dilute suspension by pepsin, chymotrypsin, and trypsin. 
Plastein formation is analogous to the peptide synthesis first studied by 
Bergmann et al. (90, 100) and more recently by Waldschmidt-Leitz & Kiihn 
(99) in the following respects. The free energy of formation of the peptide 
bond is small, as evidenced by the fact that the reversal of hydrolysis occurs 
merely by concentrating the hydrolytic products; and second, the synthetic 
product is insoluble, which tends to drive the reaction toward synthesis. 
The situation is fundamentally different, from an energetic point of view, 
from the synthesis of small and soluble peptides from amino acids. That 
this is so is attested to by the fact that such peptides are completely hydro- 
lyzed by proteases or peptidases and an insignificant degree of synthesis 
occurs in concentrated solutions of amino acids. Whatever the biological 
significance of plastein formation may be (and on this point there is at pres- 
ent no evidence pro or con), the phenomenon is interesting in that it indicates 
that the condensation of certain large peptides entails only a small free 
energy change. There is no information on the nature of the difference be- 
tween large peptides which can be condensed by proteases and peptide 
linkage of free amino acids which cannot be so condensed without the inter- 
vention of, and coupling with, an energy-yielding reaction. 
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The unique role of the steroid hormones in nearly all phases of life has 
been established. With the discovery of the sex hormones in the early thirties, 
it seemed that the physiological action of steroids was primarily concerned 
with the phenomena of sex. With the discovery of the steroid hormones of 
the adrenal gland in the late thirties it was soon found that these compounds 
had a profound influence on metabolism and that this was also true of the 
so-called sex hormones. Progress in a steadily expanding area of investiga- 
tion in biology, biochemistry, and medicine was handicapped by the lack 
of sufficient quantities of the adrenal hormones. These hormones were for 
all practical purposes not available because the chemical introduction of the 
biologically essentially C-11 oxygen function into the steroid nucleus had 
not been accomplished. As a result of the brilliant work of Reichstein, 
Kendall, Gallagher, and Wintersteiner in the middle forties, this objective 
was achieved and together with the further contributions of these investiga- 
tors, as well as the very significant achievements of Sarett, Miescher, Wallis, 
and Julian, the large scale preparation of the most important cortical hor- 
mones became practicable. Finally, large amounts were made available for 
extensive investigations. At about the same time the adrenal-stimulating 
hormone of the pituitary (ACTH) became available in sufficient amounts 
and in a usable stage of purity so that both hormones were at hand for the 
study of the essential physiological processes controlled by the internal secre- 
tions of the adrenal. Within an extremely short time the epoch-making dis- 
covery of Hench and Kendall of the effect of these hormones in arthritis 
was reported. These observations opened a new era in medicine, physiology 
and biochemistry, and it was recognized as such by the award of the Nobel 
prize to Reichstein, Kendall, and Hench in 1950. 

The number of investigations has increased rapidly during the last 


! The following abbreviations have been used in this review. It should be noted 
that, unless otherwise mentioned, reference has been made to the acetoxy derivatives 
of the adrenal hormones: Cortisone—A‘-pregnene-17a,21-diol-3,11,20-trione acetate; 
compound F—A‘-pregnene-118,17a,21-triol-3,20-dione acetate; compound A—A*- 
pregnen-21-ol-3,11,20-trione acetate; compound S—A‘-pregnene-17a,21-diol-3,20- 
dione acetate; DOC—desoxycorticosterone; DOCA—desoxycorticosterone acetate; 
ACE—adrenal cortical extract; ACTH—adrenocorticotrophin; NPG—sodium preg- 
nanediol glucuronidate. 
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year and is still growing. We have attempted to review the literature of 
the past year and have concentrated on those phases of interest to the bio- 
chemist. With exception of the purely clinical aspects, which have been 
reviewed by Thorn et al. (1), Mote (2), and Ingle (3), we have tried to cover 
certain related fields to give a more rounded view of the present status and 
trends in steroid biochemistry. The many individual investigations already 
provide a colorful mosaic in which a definite pattern is discerned. 


PARTIAL SYNTHESIS OF STEROIDS 


Within the past year, important advances have been made in chemical 
reactions involving ring A of the steroid nucleus and in the elaboration at C,; 
of the various side chains characteristic of the adrenal hormones. This prog- 
ress has been responsible for the ready accessibility of many hitherto rare, 
or unknown compounds for biological or clinical testing. 

Ring A.—It has long been established that 3-ketosteroids of the normal 
(A-B cis) series yield on mono-bromination 4-bromo-3-keto compounds 
which can be dehydrobrominated to the corresponding A‘-3-keto compounds. 
Rosenkranz et al. (4, 5) have devised a method of converting ketones of the 
allo (A-B trans) series which brominate at C. into At-3-keto compounds. They 
have found that the 2-bromo-3-keto compounds of the allo series react with 
sodium iodide to yield the 2-iodo derivatives, whereas the 4-bromo-3-keto 
compounds do not react. Starting with the 2,4-dibromo-3-keto allo deriva- 
tives they obtained the 2-iodo-4-bromo-3-keto compounds, which on treat- 
ment with collidine gave the desired A‘-3-keto derivatives in good yield. 

Several investigators have continued to study and improve the condi- 
tions of the dehydrobromination of 4-bromo-3-ketosteroids during the 
formation of 2,4-dinitrophenylhydrazones. Djerassi (6) and Mattox & 
Kendall (7, 8) have proposed mechanisms by which the elimination of hydro- 
gen bromide through hydrazone formation is effected. Mattox & Kendall 
(9, 10) and Koechlin ef al. (11) have improved this procedure so that excel- 
lent yields of the a,B-unsaturated 3-ketones can be obtained. 

Spectacular success for the partial synthesis of the phenolic estrogens 
from more readily available saturated steroids has been reported. Hershberg 
et al. (12) have prepared estrone from dehydroisoandrosterone. This starting 
material was converted into 5-chloro-androstan-38-ol-17-one by addition of 
hydrogen chloride to the 5,6-double bond. Chromic acid oxidation of the 
3-hydroxyl group followed by bromination vielded the 2-bromo-5-chloro- 
3,17-diketone. Dehydrohalogenation with collidine afforded A'-4-androsta- 
diene-3,17-dione which was aromatized to estrone in 15 to 20 per cent 
yield. Rosenkranz, Djerassi et al. (13, 14, 15) reached this goal by the series 
of reactions outlined in Figure 1. Thus it is now possible to prepare 6-dehy- 
dro-estrone, estrone, equilenin, or their corresponding 17-hydroxy deriva- 
tives in good yield from either testosterone, A‘-androstene-3,17-dione or 
A’ +-androstadiene-3,17-dione. Using such reactions, Djerassi et al. (16) have 
succeeded in preparing aromatic analogues (ring A phenolic) of progesterone 
and 17a-hydroxy progesterone. The methyl ether of the aromatic analogue 
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of desoxycorticosterone acetate was prepared by Djerassi & Scholz (17). 

Djerassi et al. (18, 19) have continued their studies of the dienone-phenol 
rearrangement in the steroid series. They have shown (19) that A!4*- 
androstatrien-17-ol-3-one rearranges to 1-methyl-A*®-dehydro-estradiol which 
on hydrogenation yields 1-methyl-estradiol, and on dehydrogenation yields 
1-methyl-equilenin. Their results, together with those of Woodward & Singh 
(20), demonstrate that the rearrangement products of A!‘-dien-3-one are 
not the expected 1-methyl phenols but are still undefined compounds 


b ncersenaencnccsone bromsuccinumide (1) N- bromsuccinimide 
(2) Collidine (2) Collidine 


Aromatization 


COFCO 


Estrone 6 - Dehydro- estrone Equilemn 
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“X-methyl hetero phenols."’ The true 1-methyl-estrone possesses approxi- 
mately one-half the estrogenic activity of estrone in rats. The reverse pro- 
cedure, that of preparing a hydroaromatic steroid from an aromatic one, 
has been carried out by Birch (21) who synthesized 10-nortestosterone from 
178-estradiol. 

Dauben & Eastham (22) have prepared cholesterol from cholestenone 
by reduction of the enol acetate with lithium aluminum hydride at —15° 
and obtained 34 per cent of cholesterol and 15 per cent of epi-cholesterol. 
Birch (23) has reduced the enol acetate of cholestenone with potassium 
amide in liquid ammonia and obtained A*-cholesten-3-one which by lithium 
aluminum hydride reduction gave cholesterol. Shoppee & Summers (24) 
investigated the ratio of stereoisomers produced by lithium aluminum hy- 
dride reduction of 3-ketosteroids and found that A*-cholesten-3-one yields 
90 per cent of the A®-36-hydroxy isomer and 5 per cent of the 3a-compound. 
A similar ratio of products is obtained from cholestan-3-one. Coprostan-3-one 
gives 4 per cent of the B- and 94 per cent of the a-isomer while A‘-cholesten-3- 
one yields about equal amounts of the 3a and 38-hydroxy-A*-cholestenes. 

Bachmann & Dreiding (25) have applied the Bucherer reaction to 
equilenin and have obtained the corresponding 3-amino compound. Deami- 
nation yielded 3-desoxyequilenin, identical with the product isolated by 
Prelog & Fuehrer (26) from urine. 

Ring B.—The chemistry of ring B has received little attention during 
the last year. The most pertinent advance is that of Fieser & Rajagopalan 
(27) who have devised a convenient procedure for the conversion of cholic 
acid to desoxycholic acid. Oxidation of cholic acid with N-bromosuccinimide 
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yields the 7-keto compound exclusively which by the modified Wolff-IKish- 
ner reduction (28) affords desoxycholic acid in 68 per cent yield. 

Ring C.—Two new methods have been developed for the introduction 
of an oxygen function at C,;. Stavely (29) added the elements of hypobro- 
mous acid to methyl 3a-acetoxy-A’-cholenate using N-bromacetamide. With- 
out isolation, the product is oxidized with chromic acid and then debromi- 
nated with zinc to give the corresponding 11-keto compound. Fieser et al. 
(30) have reported on another route to 11-ketosteroids from A®:"'-compounds. 
They have oxidized methyl 3a-hydroxy-9a,1la-epoxy-cholanate with chro- 
mic acid. The product obtained is a 3a-hydroxy-11-keto-3,9-epoxy derivative 
which, on reduction with platinum in acetic acid, affords the 9,11-glycol. 
Oxidation of this with chromic acid results in the formation of the 11-keto 
compound. 

The toad poison, gamabufotalin, has been shown to be an 1la-hydroxy- 
lated steroid derivative (31). Thus, this substance and sarmentogenin 
(32, 33) are natural compounds with 1la-hydroxyl groups, whereas the 
adrenocortical hormones are 118-hydroxy steroids. 

Because 11-dehydroprogesterone has been found to be a potent gestagen, 
Meystre & Wettstein (34) have prepared the A''-analogues of A‘-androstene- 
dione, testosterone acetate, 17-methyl testosterone, and ethyny] testosterone 
and found that all have essentially the same activity as their saturated coun- 
terparts. 

Ring D.—The nature of the ring juncture between rings C and D has 
been reviewed by Stork & Singh (35). They conclude that the C/D ring 
configuration in equilenin, estrone, equilin, and cholesterol is trans, and 
that the juncture in iso-equilenin is cis. Bachmann & Ramirez (36) have 
prepared dl-16-aza-desoxyisoequilenin and dl-16-aza-desoxyequilenin and 
have also obtained evidence in favor of a trans C/D ring juncture for the 
normal steroids. Heusser et al. (37, 38) have synthesized 14-allo-17-iso- 
desoxycorticosterone acetate (no biological activity reported) and 14-allo- 
17-epi-testosterone (no androgenic activity). In the Corner-Allen test 
14-allo-17-iso-progesterone is inactive in 10 mg. doses, but in the capon test, 
is from } to } as active as androsterone. 

Two ring D lactones have been prepared by an unequivocal method from 
dehydroisoandrosterone by von Seemann & Grant (39). Neither appears 
to be identical with dehydroisoandrololactone prepared by peracetic acid 
oxidation of dehydroisoandrosterone by Levy & Jacobsen (40). However, 
it appears that one lactone may be the same as that of Hufiman et al. 
(41) and that the isomeric lactone is probably identical with that of Hersh- 
berg et al. (42). Huffman & Lott (43) have recently studied the stereochemi- 
cal configuration of natural and synthetic steroidal 16,17-glycols. Estriol 
and other naturally occurring urinary steroids having hydroxyl groups at 
Cis and Cy7 are 16a,17B8-derivatives since the true configuration of the hy- 
droxyl at C7 in testosterone and estradiol is 8. Heusser et al. (44) have 
prepared p-homo-dehydroiso-androsterone and p-homo-testosterone by a 
new and simple method. 
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Side chain.—No less than six methods have been developed for the 
introduction of a 17a-hydroxy-20-keto side chain or the dihydroxyacetone 
side chain characteristic of the adrenal cortical hormones. All of these 
methods begin with readily available materials. The six methods are out- 
lined by the partial formulae in the following figures. 

The method of Sarett (45) :— 


gen CH, OH wore mee O CN i" 
H0-¢-CN | 
Fic, 2 


Applying this series of reactions to 20-keto-21-hydroxy compounds, 
Sarett (45, 46) has been able to prepare steroids with dihydroxyacetone side 
chains, e.g., cortisone. 

The method of Gallagher ef al. (47, 48):— 


Gis CHs Hs GH26r GH20H 
c=0 C—- OAc C.— OAc c= -* c=0 
-0 «OH 
Ac20 @COsH KOH, ee Bose 
—_ etal 


Fic. 3 


Using this procedure, Gallagher et al. have prepared Reichstein’s com- 
pound S, L, P, 17a-hydroxy progesterone and Kendall’s compound E, and 
Rosenkranz et al. (49) have prepared Reichstein’s compound L and 17a- 
hydroxy progesterone as well as its A' analogue. 

The method of Wagner & Moore (50, 51, 52):— 


CM GHere coon ¢H2,0" CH, 0ae 
c=0 c=0 C-B8r C-6r c=0 
er On 
Br, KOM (1) Cig Ne Mido a 
cinta “how 2) LAI, (210504 
Fic. 4 


The method of Julian ef al. (53, 54):— 


CH thee Chel CMs CHs 
| he oO ¢=0 = c=0 
- 6r Br 

NoHSOy Collidine 
CHs 
Ms C—O EHe 
c=0 —_ 
.-0 
alkaline Ethylene () LiAlHs 
ee ———_—— > 
H202 Glycol (2) Acid 





Fic. 5 
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The preparation of 17a-hydroxy progesterone has been accomplished 
by this method. By a modification of this procedure, Julian et al. (55) have 
recently described a partial synthesis of Reichstein’s compound S. 

The method of Kendall et al. (56) :— 





CH-OAc Bro HOAc CH.OAc CH.08¢ Cu2Oke cM: A 
- 1 ‘ i 
é ° c=0 t=0 c=0 ¢ 
° On A 4 
S . = ~\ 6r Nl 
Br Nol atkoline HBr My 
sme — ————> ow 2p 
HOAC 4202 HOAC Pda 
a 


Fic. 6 


The method of Miescher & Schmidlin (57) :— 





CH20Ac CH20Ac 
be) IH CH c=0 
CH=CH2 ' OH 
2 steps () PBr, H20o 
— > —— > ——— 
(2) KOAC 2} Os04 


Fic. 7 


The 21-acetoxy-A'*"-pregnene compounds used in this synthesis can 
also be prepared by lithium aluminum hydride reduction of the esters of the 
corresponding A!?.?°-pregnen-21-oic acids (58). Three methods have recently 
been reported for the preparation of these a,8-unsaturated acids. Heusser 
et al. (58, 59) and also Magrath et al. (60) have added the Grignard compound 
of ethoxyacetylene to dehydroisoandrosterone acetate and obtained in good 
yield the corresponding 178-hydroxy-17a-ethoxyethynyl compound. This, 
on rearrangement, yields the ester of A!’ ?°-pregnene-21-oic acid. The a@,f- 
unsaturated ester can also be prepared from dehydroisoandrosterone by a 
Reformatsky reaction using ethyl bromacetate followed by dehydration. In 
addition, Julian & Karpel (53). have prepared the unsaturated ester by a 
Favorskii rearrangement (KOH) of the 17-bromo-21-iodo pregnane deriva- 
tive. 

The formation of 17a-hydroxy-20-ketones by treating A'-20-ketosteroids 
with alcoholic potassium hydroxide as claimed by Marker (61) was shown 
to be incorrect by Fukushima & Gallagher (62) who demonstrated that the 
product of this reaction was a 16-alkoxy-20-ketosteroid. Sarett (63) has 
recently reported the preparation of Reichstein’s compound E (A‘-pregnene- 
118,17a,208,21-tetrol-3-one) from cortisone by protection of the 3-ketone 
group as the enol ether and reduction with lithium aluminum hydride fol- 
lowed by acid hydrolysis. 

Gallagher & Kritchevsky (64) have demonstrated that the 17-hydroxy 
compounds produced by perbenzoic acid oxidation of the corresponding 
20-ketones possess the same configuration as did the side chain of the com- 
pound from which they originated, e.g., normal 178-oriented 20-ketone 
affords the corresponding 178-hydroxy compound and the 17-iso-20-keto- 
steroid yields the 17a-hydroxy compound. These investigators and Shoppee 
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(65) have discussed the stereochemistry of the addition reactions at Cy. 
The latter author has pointed out that other asymmetric centers in the 
steroid molecule such as those at C;, Cs, Co, Cio, Cis and Cys direct the intro- 
duction of a new asymmetric center and so induce asymmetric syntheses. 
Heyl & Herr (66) have reported a new synthesis of progesterone from 
stigmasterol and Wieland & Miescher (67) have reported a 40 per cent 
vield of progesterone from 38-hydroxy-A*-bisnorcholenic acid. 

Total synthesis—Two new syntheses of bisdehydrodoisynolic acid have 
been reported by Miescher and Johnson and their co-workers (68, 69). The 
constitution of the racemates of synthetic estrone has been discussed by 
Anner & Miescher (70, 71) who have synthesized six (a to f) of the eight 
possible stereoisomers; only two are biologically active. One isomer has been 
shown to be identical with the inactive ‘‘estrone a’’ synthesized by Bach- 
mann et al. (72) in 1942. Johnson et al. (73) have reported a new synthesis 
of the natural hormone (estrone b) and also of the two remaining stereo- 
isomers g and h. Wilds & Shunk (74) have synthesized some analogues of 
progesterone and desoxycorticosterone which lack ring C; no biological 
activities are reported. 

Labeled steroids —During the year a number of publications have dealt 
with the synthesis of isotopically labeled steroids by the incorporation of 
C8, C4, H*, and H*®. Turner (75) has described in detail the preparation of 
ring A-labeled testosterone and cholestenone with C™ and C™ at either 
C; or Cy. Heard & Ziegler (76) prepared C;"4 labeled progesterone and desoxy- 
corticosterone by a somewhat different route. 

The Sloan-Kettering group has investigated the preparation of deu- 
terated steroids by catalytic reduction and platinum catalyzed exchange. 
Koechlin et al. (11) have introduced deuterium at C,,; and Cy by catalytic 
deuteration of the A"! compounds and have prepared d:-11,12-progesterone 
and d»-11,12-testosterone. Kritchevsky & Gallagher (77) have prepared 
17a-hydroxy progesterone, compound §S, L, and P with deuterium in chem- 
ically stable positions. Eidinoff et al. (78) have used a similar method for 
the introduction of tritium to prepare tritiated steroids, and Gallagher 
(79, 80) has reported the synthesis of tritiated cortisone. Fukushima & 
Gallagher (81) have investigated the platinum-catalyzed hydrogen deu- 
terium exchange in steroids. This method will permit the preparation of a 
great variety of steroid hormones. Fukushima et al. (82) have introduced 
deuterium at C;. 

Dauben & Bradlow (83) and Ryer et al. (84) devised methods for intro- 
duction of deuterium or tritium in the isopropyl group of the sidechain of 
cholesterol. 


ISOLATION, ESTIMATION AND IDENTIFICATION 
OF URINARY STEROIDS 


The methods used for isolation of urinary neutral (85 to 89) and phenolic 
steroids (89, 90) have been reviewed in the past few years. 
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The liberation of all steroids from the conjugated forms in which they 
are excreted still remains one of the most important unsolved problems. In 
recent years, it has been more and more apparent that only small amounts 
of steroids, if any, are excreted in free form. Buehler et a/. (91) obtained very 
small amounts of ketosteroids from unhydrolyzed human urine in con- 
firmation of many earlier investigations. Clayton & Marrian (92) have 
reinvestigated the ‘‘free estrogens’’ in the urine of pregnant women at the 
time of labor and have shown that the previous results (93) were due to the 
introduction of glucuronidase into the urines by blood clots or amniotic 
fluid. This emphasizes that special care for bacterial contamination must 
be exercised with the collection of urine and with the glassware in which it 
is stored. The only types of steroid conjugates isolated from human urine 
are sulfates or glucuronidates. Grant & Marrian (94) have proven that the 
uronic acid conjugated with estriol is d-glucuronic acid. Brooksbank & 
Haslewood (95) described an improved method for the isolation and purifi- 
cation of the ‘“‘pregnanediol-like-glucuronide” complex. Dingemanse et al. 
(96) described the isolation of 7-androsten-6-ol-17-one, which, these investi- 
gators believe, is excreted in an unconjugated form. 


CLEAVAGE OF STEROID SULFATES 


A method (87, 97, 98) adopted by many investigators for cleavage of the 
sulfates of neutral steroids consists of acidifying the urine to pH 1 and ex- 
tracting with ether at room temperature for at least 24 hrs. This procedure 
yielded increased ketosteroids as well as formaldehydogenic steroids and 
reducing steroids and biologically active corticoids. Nearly all B-ketosteroids 
are freed, since dehydroisoandrosterone, the major component of the B- 
ketonic fraction, is excreted as the sulfate. Liberation of 40 to 60 per cent of 
B-ketosteroids by using weakly acidic buffer has been described by Bitman 
& Cohen (99). Paterson et al. (100) have studied the liberation of formalde- 
hydogenic steroids at various time intervals after acidification of the urine 
to pH 1 and concluded that there were two modes of steroid conjugation: 
(a) acid-labile conjugates from which free steroids are obtained from aciditied 
but not from neutral urine by chloroform extraction, and (b) acid stable 
steroid conjugates which cannot be extracted by chloroform from neutral 
or acidified urine. Grant & Beall (90) have discovered the interesting fact 
that steroid sulfates are rapidly cleaved by dioxane and that water interferes 
with the cleavage. Enzymatic splitting of estrogenic sulfates by phenol- 
sulfatase has been reported by Cohen & Bates (101). No alcohol sulfatase 
has yet been reported. 


CLEAVAGE OF STEROID GLUCURONIDATES 


Since the steroid glucuronidates are hydrolyzed by acid only at elevated 
temperature and since hydrolysis is in some instances accompanied by 
alteration in structure, enzymatic hydrolysis has been employed with crude 
liver glucuronidase preparations by Talbot et al. (102) and Mason (85). 
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Buehler et al. (91, 103) have continued their studies with bacterial glu- 
curonidase which liberates a large proportion of formaldehydogenic steroids, 
ketosteroids, and estrogens. From the same laboratory, Kinsella et al. (104) 
report that three to five times the amount of reducing steroids can be ob- 
tained by this means as is recovered without enzymatic hydrolysis. Bitman & 
Cohen (99) found that 50 per cent of total ketosteroids were liberated by 
calf spleen B-glucuronidase while only 3 to 5 per cent of the B-ketosteroids 
present were freed by this enzyme. Corcoran et al. (105) claimed that “‘hy- 
drolysis with beef spleen glucuronidase liberated ten to twenty times as 
much formaldehydogenic steroids as did hydrolysis by extraction at pH 1.” 
Brooksbank & Haslewood (95) used bacterial glucuronidase for the splitting 
of the “pregnanediol glucuronidate complex.’”’ By combining the glu- 
curonidase method with the weakly acidic buffer technique, Bitman & 
Cohen (99) obtained two-thirds to three-quarters of the total ketosteroids. 
The remainder was obtained after the usual acid hydrolysis. All these in- 
vestigations show definite progress toward the goal of obtaining the steroid 
metabolites without production of artifacts. 


SEPARATION OF STEROIDS BY CHEMICAL METHODS 


No major improvements have been reported in the methods used for the 
partition of steroids (Girard, digitonin, phthalic anhydride, and succinic 
anhydride). The Girard procedure is one of the most successful separation 
methods for the isolation of ketosteroids. More reliable estimation of the 
steroid content (ketosteroids, formaldehydogenic steroids and reducing 
steroids) are obtained when the analytical procedures are applied to the 
ketonic fraction. A new Girard reagent, N-dimethylglycine-hydrazide- 
hydrochloride, has been described by Viscontini & Meier (106). The forma- 
tion of water-insoluble steroid azines after prolonged heating of ketosteroids 
in the Girard procedure was reported by Cohen et al. (107). Although 
Girard and digitonin methods can be successfully used with the labile 
corticoids, the phthalic or succinic anhydride methods cannot be applied 
because they involve the use of strong alkali. Alternative methods are 
needed for separation of the small amounts of alcoholic steroids from the 
large amounts of non-ketonic, non-alcoholic materials. 

Chromatography.—Silica gel in addition to alumina and magnesium 
silicate has been found to be a very useful adsorbent for the separation of 
steroids. Pincus & Romanoff (108) and Hechter et al. (109) have used silica 
gel for separation of urinary corticoids and steroids from adrenal perfusates. 
In these laboratories, silica gel has been found useful for the separation of 
corticoids, ketosteroids, as well as alcoholic non-ketonic steroids. Kassenaar 
et al. (110) have described a modification of the Dingemanse chromato- 
graphic procedure for steroid separation. 

A major advance has been made by Zaffaroni et al. (111 to 114) who 
have applied paper chromatography to the separation of the water soluble 
ketosteroids. They have separated and detected compounds E and F from 
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human urine and their results suggest the presence of other compounds. The 
separation of steroids on alumina-impregnated paper was reported by Bush 
(115). The separation of pure estrone, estradiol, and estriol as diazo deriva- 
tives on paper chromatograms in microgram amounts was achieved by 
Heftmann (116). Kritchevsky & Calvin (117) used paper impregnated with 
stearato-chromic chloride for the separation of radioactive tritiated choles- 
terol and cholestenone. A fluorescence scanner for the detection of a small 
amount of steroids with conjugated unsaturated carbonyl groups has been 
developed and applied to the paper chromatograms by Haines et al. (118). 

Butt et al. (119) have used silica gel with aqueous methanol as stationary 
phase for the separation of steroids. Carol et al. (120, 121) and Haenni 
(122) have separated phenolic steroids on celite using 0.4 N sodium hydroxide 
as the stationary phase and benzene as the mobile phase. 

The elegant counter-current distribution method of Craig has been 
successfully used in the separation of three natural estrogens from human 
urine by Engel e¢ al. (89, 123). This relatively simple method is a valuable 
addition to the assay of the individual estrogens and can be used in combina- 
tion with fluorescent methods for the estimation of a few micrograms of 
these substances. 


ANALYTICAL PROCEDURES 


Ketosteroids— Marlow (124) has studied the functional groups necessary 
for the maximum color development in the Zimmermann reaction and found 
that the C,7-keto group and the adjacent CH: group is essential, and Wilson 
(125) has investigated the relative. color intensity produced by various 
ketosteroids. The chromogenic values relative to androsterone (100) varied 
between 62 and 129. 

Dehydroisoandrosterone-—Because of the possible adrenal origin of 
dehydroisoandrosterone, there has been increasing interest in the estimation 
of this substance. The reaction described by Munson et al. (126) has been 
applied further in clinical studies (127). Several authors have described a 
modification of the sulfuric acid test of Kober as modified by Dirscherl. 
Jensen (128, 129) has reported that the blue color developed in the presence 
of sulfuric acid can be used to estimate one to 100 ug. of dehydroisoandros- 
terone; the best results were obtained after chromatographic purification of 
the ketosteroids (130). Allen et al. (131) applied a sulfuric acid-ethyl alcohol 
mixture to butanol or ether extracts of hydrolyzed urine to determine 
colorimetrically the amount of dehydroisoandrosterone and certain other 
compounds with a double bond in ring B. Allen (132) developed an equation 
for the analysis of mixed absorption curves for the methods described in 
the previous paper (131). Hansen (133) also applied the sulfuric acid test 
as an assay for dehydroisoandrosterone. 

Steroid alcohols —Engel (89) and Engel et al. (134) estimated the alco- 
holic steroids in urine by measuring the intensities of the color developed 
by hemidinitrophthalates in the presence of methanolic potassium hydroxide. 
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The authors recognized certain difficulties for precise quantitative estima- 
tions by this method. 

Corticoids.—Engel (89) and Romanoff et al. (135) have reviewed the 
methods of measuring the reducing steroids and formaldehydogenic steroids. 
Bassil & Hain (136) improved the formaldehydogenic steroid method by 
using Conway diffusion tubes and claimed greater sensitivity since more 
formaldehyde was obtained by diffusion than by distillation. Pincus & Ro- 
manoff (108) obtained four to five times as much corticoids by continuous 
extraction with dichloromethane as with extraction in a separatory funnel. 
Venning (137) compared the copper reduction method (Talbot) with the 
formaldehydogenic steroid method and found greater variation in the 
former; chemical determinations agreed fairly well with. bioassays. Wick 
et al. (138) found that the formaldehydogenic steroid methods gave values 
six to eight times higher than those obtained by the glycogen deposition 
assay. Since biologically inactive compounds which give formaldehyde 
when oxidized with periodic acid are excreted in the urine (pregnane-3a,17a, 
21-triol-11,20-dione and pregnane-3a,17a-diol-11,20-dione), this result is not 
unexpected. Sprechler (139) compared the values obtained by the Heard 
and Talbot methods with bioassays and found that the chemical determina- 
tion gave values eight to ten times those obtained with the glycogen deposi- 
tion test. He described a modification of the reducing steroid method and 
found no advantage in separating the corticoids from the ketosteroids by 
water-benzene partition. In our experience the reducing steroid method is 
of value when applied to the ketonic fraction but is not satisfactory when 
applied to the crude neutral urinary extracts. Porter & Silber (140) reported 
a new method for the quantitative estimation of 17,21-dihydroxy-20-keto- 
steroids based on the development of a yellow color (maximum 410 my) when 
steroids with dihydroxyacetone side chains are treated with phenylhydrazine 
in sulfuric acid solution. 

Estrogens.—The fluorometric determination of estrogens has been re- 
viewed by Engel (89, 123). Bates & Cohen (141, 142) have very carefully 
studied the variables involved in the fluorescence of estrogens and applied 
their studies to urinary extracts. The method measures satisfactorily 0.1 
to 5 wg.; the relative intensities are: 100 for estrone, 83 for 178-estradiol, 
94 for 17a-estradiol, and 34 for estriol. Garst et al. (143) described a fluoro- 
metric method for the determination of natural estrogens (1 to 5 wg.) by 
condensation of phenolic steroids with phthalic anhydride in the presence 
of zinc chloride. They suggested that a similar method may be developed 
for the estimation of neutral steroids. 

Jayle et al. (144) discussed the factors affecting the Kober test and 
developed two modifications. Stimmel (145) found that the Kober reaction 
can be applied quantitatively to the hemiphthalates of estradiol and estriol. 
A polarographic method for the determination of 5 to 20 ug. of estrogens 
by formation of nitrosophenols was described by Heusghem (146). 

Spectrometry.—Jones et al. (147, 148) and Dobriner et al. (149) have 
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continued their studies on the correlation of the structure of steroids with 
the infrared absorption spectrum. They report on the detection and location 
of ethylenic double bonds, further studies of the carbonyl stretching vibra- 
tion in steroid ketones and esters as a means for prediction of structure and 
on the identification of adrenocortical steroids. Zaffaroni (150) observed 
that certain adrenocortical steroids gave characteristic ultraviolet absorption 
spectra when dissolved in concentrated sulfuric acid. An ultraviolet spectro- 
metric method for the determination of progesterone was reported by Has- 
kins et al. (151). 


BIOSYNTHESIS OF STEROIDS 


The formation of steroids from simple building stones and the metabolic 
transformation of cholesterol to bile acids and to pregnanediol has been 
reviewed by Bloch (152). Until recently, no experimental evidence was 
available concerning the precursors of the 28 steroids which have been 
isolated by Reichstein, Kendall, Wintersteiner, and their co-workers from 
the adrenal. Pincus and his co-workers have for several years tried to 
perfect the perfusion of adrenals and when this work culminated in the 
successful report of Hechter (153, 154) it led to one of the most important 
contributions to adrenal physiology and biochemistry. The methods, the 
effect of ACTH on steroid formation, the characterization of the steroids 
and the fate of perfused steroids have been described by Pincus (155) and 
Hechter et al. (156 to 162). The steroids were adsorbed from the perfusates 
on charcoal, eluted with an appropriate solvent and the individual com- 
ponents were then separated by chromatography on silica gel and identified 
by chemical methods or by paper chromatography. When beef adrenals 
were perfused without either ACTH or added steroid, no products were 
isolated from the perfusate. In the presence of ACTH, some 15 steroid 
ketols were found by paper chromatography in the perfusate of beef adrenals. 
Among these were compounds E and F, corticosterone, 11-dehydrocorti- 
costerone, DOC and possibly Reichstein’s compound V. Compounds F and 
A comprised about 60 per cent of the total steroids. It will be interesting 
to learn the species differences in hormone synthesis. 

The perfusion of adrenals with known steroids gave striking results. The 
adrenals can introduce the hydroxyl group in a specific orientation at Cn 
(8B), Cir (a), and Cy and the rate of transformation varied with several 
steroids. Some results are summarized in Table I. The hydroxylation of Cu 
was preferential. There was no evidence for the transformation of a C-19 
to a C-21 steroid. 

The authors suggest that pregnenolone or progesterone are key inter- 
mediates, and that the action of ACTH on adrenal function is primarily 
concerned with the conversion of cholesterol to pregnenolone. The hydroxyla- 
tion mechanism appears to be independent of ACTH. No information is 
available about the enzyme systems involved in the conversions which take 
place in the adrenals. 
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Hayano et al. (163) and Savard et al. (164) have shown by the increase 
of glycogenic activity that the hydroxylation at C-11 also occurs with adrenal 
slices and minces upon incubation with DOC. McGinty et al. (165) actually 
isolated compound F in 50 per cent yield after incubation of compound S 
with adrenal homogenates. Haines et al. (166) isolated corticosterone after 
incubation of DOC. Seneca et al. (167) claimed to have evidence for the 
transformation of DOC to compound F with liver, kidney, testis, and ovarian 
slices in addition to adrenal slices. 


CHOLESTEROL SYNTHESIS AND METABOLISM 


Bloch and co-workers have continued to study the role of acetic acid 
in the biosynthesis of cholesterol. Using acetic acid labeled with both C™ 


TABLE I 


CONVERSION OF STEROIDS BY ADRENAL PERFUSION 


Precursor Product 
Desoxycorticosterone Corticosterone 
Compound S Compound F 
17a-Hydroxy-progesterone Compound F 


Compound F 
. ) Corticosterone 
Progesterone 

17a-Hydroxy-progesterone 


| 11p-Hydroxy-progesterone 


| Progesterone 
Pregnenolone , Compound F 
_Corticosterone 
Androsterone 116-Hydroxy-androsterone 


118-Hydroxy-A‘-androstene-3,17-dione 


At-Androstene-3,17-dione hg 
118-Hydroxy-androstane-3,17-dione 


and C'™", Little & Bloch (168) found that the methyl group of acetic acid 
furnishes the methyl groups Cis and Cy, as well as Cog and Coz in the 
side chain, and also probably Ci; of the nucleus. The carboxyl carbon 
furnishes C.; and probably Cio. With isotopically labeled isovalerate, 
Zabin & Bloch (169) found that the isopropyl moiety was a source of carbon 
for cholesterol. Since acetone had been found to be as efficient as acetate for 
the synthesis of cholesterol, fatty acids, or acetyl groups, the authors con- 
cluded that acetone is converted into a 2-carbon intermediate. 

Srere et al. (170) reported that kidney, testes, small intestine, and skin 
in addition to liver and adrenal, convert acetate to cholesterol. In the adult 
animal, the skin and liver are probably the main sites of cholesterol synthesis. 
Popjak & Beeckmans (171) reported that intestine, ovaries, and mammary 
gland (172) synthesize cholesterol from acetate. They found that the liver 
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of rabbit fetus both synthesized and degraded cholesterol but that adult 
hepatic tissue of rabbits was only able to synthesize cholesterol. The rate of 
synthesis of cholesterol has been studied in animals by Pihl et al. (173) who 
found that the half life time of cholesterol in the adult rat is six days in the 
liver and 31 to 32 days in the carcass. In normal man, London & Rittenberg 
(174) determined the half life of serum cholesterol to be 8 days and its 
turnover time 12 days. 


ISOLATION OF STEROIDS FROM ORGANS AND BLOOD 


Prelog & Meister (175) have extended their study of the steroid content 
of whale organs to the corpora lutea of this species and isolated progesterone 
(33 mg. per kg.) and allopregnan-38-ol-20-one. Karrer & Naik (176) isolated 
A®.°-cholestadien-7-one from beef liver. Zaffaroni et al. (113) analyzed the 
steroid content of commercial adrenal extracts by paper chromatography 
and found compounds F, E, A, corticosterone and very small amounts of 
DOC in addition to several unidentified components. 

The detection and estimation of the steroid hormones and their metabo- 
lites in blood is one of the most important problems in steroid biochemistry, 
but considerable difficulty has been encountered because of the extremely 
small concentrations of steroids. Nelson et al. (177) and Reich et al. (178) 
have examined the adrenal vein blood of dogs for steroids after the ad- 
ministration of ACTH. From 1,720 ml. of blood they isolated compound F 
and corticosterone in small amounts. Haskins (179) failed to detect pro- 
gesterone in the plasma of pregnant women (5 to 10 ml.) by ultraviolet 
spectrometry. He attempted to study the fate of progesterone and testos- 
terone injected intravenously and found that the hormones disappeared 
quickly from the circulation. Forbes et al. (180) found by bioassay a higher 
progesterone level in monkeys in midcycle than before or after menstruation. 
Rakoff & Cantarow (181) have studied the influence of gonadotropin on the 
estrogen of venous blood from ovaries of dogs and found very little activity; 
comparatively high estrogen titers were present in the blood of the spermatic 
vein of stallions. 


ISOLATION OF STEROIDS FROM URINE 


Steroids with 11-oxygen function.—Small amounts of compound E appear 
to be excreted in the urine of normal persons, together with relatively larger 
amounts of compound F. ACTH markedly increases excretion of compound 
F in the urine. Mason & Sprague (182) and Sprague et al. (183) reported 
the isolation of compound F (8 mg. per day) from the urine of a patient with 
Cushing’s disease. This compound was also isolated by Mason (184) from 
the urine of a patient with rheumatoid arthritis after the administration of 
ACTH and from urines collected after major surgical operations. Lieberman 
et al. (185) isolated compound F after the administration of ACTH to pa- 
tients with neoplastic disease. Zaffaroni et al. (186) demonstrated by paper 
chromatography the presence of compound F and E in the urine of normal 
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persons. Crystalline compound E (55 yg. per |.) was isolated by Schneider 
(187) from the urine of normal male subjects and by Mason (184) after 
administration of cortisone to patients with rheumatoid arthritis and 
Addison's disease. Two closely related metabolites of compound E have been 
found in human urine: pregnane-3a,17a,21-triol-11,20-dione (tetrahydro E), 
and pregnane-3a,17a-diol-11,20-dione (21-desoxytetrahydro E). The first 
substance was isolated by Schneider (188, 189) from the urine of normal 
male subjects and by Lieberman et al. (185) from the urine of patients with 
neoplastic disease after the administration of ACTH or cortisone. Dobriner 
et al. (190) reported the isolation of 21-desoxytetrahydro E after the ad- 
ministration of ACTH or cortisone to patients with neoplastic disease. 
Other steroids excreted after ACTH and after administration of cortisone 
will be discussed below. 

Two new urinary C-21 steroids with an oxygen function at Cy, were 
isolated by Lieberman et al. (191). 11-Ketopregnanolone (pregnan-3a-ol- 
11,20-dione) was obtained from the urine of a girl with adrenogenital syn- 
drome, and 11-ketopregnandiol (pregnane-3a,20a-diol-11-one) was isolated 
from the urine of a woman with adrenal hyperplasia. Two new C-20 steroids 
with an 11 oxygen function, 11-ketoandrosterone (1 mg. per day) and 11- 
ketoetiocholanediol (etiocholane-3a,178-diol-11-one) were isolated from 
human urine by the same authors (191). The isolation of 11-hydroxyan- 
drosterone and its dehydration product, A*-androsten-3a-ol-17-one from 
the urine of a patient with adrenal hyperplasia was reported by Miller & 
Dorfman (192) in addition to the other 11 steroids discussed later. Isolation 
of 11-hydroxyetiocholanolone previously found in the urine of many cancer 
patients (87, 191, 193) was accomplished by Dingemanse & Huis in’t Veld 
(194) from a case of adrenal tumor. 

Steroids without 11-oxygen function: C-21.—In addition to ten identified 
and four unidentified steroids, Hirschmann & Hirschmann have isolated 
from the urine of a boy with adrenal cortical tumor two new steroid triols: 
A®-pregnene-38, 16a,20a-triol (6 mg. per 1.) (195) and A®-pregnene-38, 17a,20a- 
triol (1.3 mg. per |.) (196). The structure of the pregnane-3a,6a-diol-20-one 
and of its allo isomer, both found in the urine of pregnant women, have now 
been established by Lieberman et al. (191). Dobriner et al. (190) have isolated 
21-hydroxypregnenolone (A*-pregnene-38,21-diol-20-one) from the urine 
of patients with neoplasia after the administration of ACTH. Thirteen ster- 
oid metabolites have been isolated by Miller & Dorfman (192) from a patient 
with adrenal hyperplasia, six of which were C-21 steroids: pregnane-3a,20a- 
diol; allopregnane-3a,20a-diol; pregnane-3a,17a,20a-triol; 17a-hydroxy preg- 
nanolone; A°*-pregnene-38-20a-diol and 17a-methyl-p-homoetiocholane-3a, 
17a-diol-17-one. By molecular rotation differences, Klyne (197) has shown 
that Marrian’s triol is pregnane-3a,17a,20a-triol. The perplexing problem of 
the structure of the uranes has been solved by Klyne (198), who has proven 
that these derivatives are homo compounds. Uranediol should now be 
named systematically as: 17-methyl-p-homoandrostane-38,17a-diol. 
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C-19.—Brooksbank & Haslewood (95) isolated a new urinary steroid, 
A'-androsten-3a-ol, from the pregnanediol complex obtained from human 
urine. This compound was isolated after mild enzymatic hydrolysis and is 
probably not a transformation product. Mason & Schneider (199) isolated 
the same compound from the urine of women with adrenal cortical tumors 
and it was previously isolated by Prelog et al. (200) from pig testes. The 
isolation of twonewsteroid triols, androstane-3a, 16a,178-triol and etiocholane- 
3a,16a,17B-triol from the urine of normal males and females and from 
pregnancy urine was reported by Lieberman & Dobriner (201). The same 
authors (202) isolated three new urinary steroids: etiocholan-36-ol-17-one 
from the urine of normal and diseased persons, A!-androstene-3,17-dione from 
a pooled urine collection, and testosterone after the injection of testosterone. 
Miller & Dorfman (192) isolated etiocholane-3a,17B-diol, dehydroisoandros- 
terone, 3-chlorodehydroisoandrosterone, etiocholanolone, and androsterone 
from the urine of the adrenal hyperplasia patient mentioned previously. 

Steroid excretion after administration of ACTH.—In a previous section 
the isolation of compounds E, F, pregnane-3a,17a,21-triol-11,20-dione, 
pregnane-3a,17a-diol-11,20-dione, and A*-pregnene-368,21-diol-20-one from 
urine after the administration of ACTH has been discussed. Stimulation of 
the adrenals leads also to an increased excretion of other steroids. Dobriner 
et al. (190) determined the partial steroid excretion patterns after ACTH 
administration and found marked increase of the 11-desoxy compounds: 
androsterone, etiocholanolone, pregnanolone, as well as increases in 11- 
oxygenated compounds: 118-hydroxyandrosterone, 118-hydroxyetiocholano- 
lone, and 11-ketoetiocholanolone. A number of unidentified compounds were 
likewise present. Since no increase in 11-desoxy metabolites occurred after 
cortisone administration, the increased excretion of steroids without the 
11-oxygen function after stimulation of the adrenal by ACTH proves that 
hormones other than 11-oxygenated steroids are produced by human 
adrenals. 

Dingemanse & Huis in’t Veld (203), using their chromatographic method, 
found increased amounts of dehydroisoandrosterone, 118-hydroxyetio- 
cholanolone and 118-hydroxyandrosterone in the urine after administration 
of ACTH to patients with arthritis. The identity of these compounds was 
assumed from the similarity in chromatographic behavior to that of pure 
steroids. With the same technique van Creveld & Kuiper (204) after ad- 
ministration of ACTH found an increase of dehydroisoandrosterone, andros- 
terone, etiocholanolone and 118-hydroxyandrosterone in the urine of 
children with arthritis. 


METABOLISM OF STEROIDS 


Cortisone.—As may have been expected from the depressed adrenal 
function, Mason (205) found neither androsterone nor etiocholanolone in 
urine after the prolonged administration of cortisone to patients with 
arthritis. Dobriner et al. (185, 190) found in the urine of a patient who had 
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received cortisone a significant increase in 11-ketoetiocholanolone, 118- 
hydroxyandrosterone, and 118-hydroxyetiocholanolone. Androsterone and 
etiocholanolone were absent from the urine of this patient prior to cortisone 
and were not found during the period of administration. 

C-19 steroids —Dorfman et al. (206) administered 2,100 mg. of A*-andro- 
stene-3,17-dione to a hypogonadal man, and recovered 31.8 per cent in the 
urine: 7.6 per cent as A?-androsten-17-one; 8.1 per cent as androsterone and 
16.1 per cent as etiocholanolone. The ratio of androsterone plus its dehydra- 
tion product A*-androsten-17-one to etiocholanolone was 1:1, similar to the 
ratio found after the injection of testosterone (202). After peroral application 
of 3,300 mg. of androstane-3,17-dione, only 10 per cent was recovered in an 
incomplete experiment: 6.8 per cent as A?-androsten-17-one, 2.4 per cent 
as androsterone and 1.3 per cent as isoandrosterone. After 1,900 mg. andro- 
stane-3a,178-diol perorally, 10 per cent was recovered as A*-androsten-17-one, 
10 per cent as androsterone, 0.4 per cent as isoandrosterone, and no etio- 
cholanolone could be found. Miller et al. (207) administered 1,800 mg. of 
dehydroisoandrosterone acetate in oil subcutaneously to a normal male and 
1,300 mg. by mouth to a patient with Addison’s disease. A total of 81 and 53 
mg. consisting of A?-androstene-17-one, androsterone, etiocholanolone, A?*- 
androstene-38,17B-diol, and etiocholane-3a,178-diol were recovered. Of the 
injected dehydroisoandrosterone only 0.5 per cent was recovered from the 
urine of the normal male. In the normal person the ratio of androsterone to 
etiocholanolone was 2:5 and in the Addison's patient 1:1. There are obvious 
individual differences in the metabolism of steroids and this may have some 
bearing on the metabolic state of the patient; these interesting observations 
need further clarification. 

The metabolism of testosterone has been reinvestigated by Dobriner & 
Lieberman (202). After the administration of 90 mg. of testosterone per day 
for 45 days, they could account for about 50 per cent of the injected material: 
24 per cent as androsterone, 19 per cent etiocholanolone, 1 per cent as 
androstanedione and etiocholanedione, and about 6 per cent as androstane- 
diol and etiocholanediol. There was no increase of 11 oxygenated C-19 or 
C-21 steroids. West & Samuels (208) studied the fate of testosterone after 
intravenous administration in humans. They found that 30 per cent of the 
hormone can be accounted for as ketosteroids in the urine within 2 hr. and 
a total of 60 per cent after 24 hr. 

Progesterone-—Sommerville & Marrian (209, 210, 211) have continued 
their important investigations of the fate of progesterone in normal and 
diseased states. Ten to sixteen per cent of the injected progesterone (60 mg. 
daily for two days) was recovered as pregnanediol from the urine of young 
men, postmenopausal women, hysterectomized women with and without 
treatment with estradiol benzoate; 35 to 45 per cent was recovered as preg- 
nanediol during the 26th to 28th week of pregnancy. The same authors 
hoped to imitate the increases in pregnanediol recovery during pregnancy 
by numerous injections of progesterone in postmenopausal women. They 
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observed the same low recovery after daily injection for five to eight days, 
but then found a progressive rise in the pregnanediol excretion until anew 
plateau was established between the 12th and 16th day. This priming 
effect was not observed in normal male subjects or hysterectomized women. 
These experiments indicate that the uterus under these conditions plays a 
role in progesterone metabolism. Their evidence did not confirm the observa- 
tions of Smith & Smith (212) that pretreatment with estrogens of women 
with atrophic endometria resulted in increased conversion of progesterone 
to NPG. After administration of pregnanediol per os, the recovery in the 
urine was in the same range as after the intramuscular administration of 
progesterone. Rogers & Sturgis (213) found no correlation between tempera- 
ture changes and pregnanediol excretion during the menstrual cycle of nor- 
mal women. Sommerville et al. (214) found an increased conversion of 
progesterone to pregnanediol in 13 patients with rheumatoid arthritis (19.0 
to 36.4 per cent) compared to a recovery of 9.3 to 16 per cent in a group 
of ten normal subjects. This is an important observation and it suggests a 
difference in metabolism in this syndrome. Smith (215) found with the 
method of Sommerville & Marrian unusually high pregnanediol excretion 
values in nonpregnant subjects. This needs clarification. No relation between 
urine volume and pregnanediol excretion values was observed by Hoyt & 
Levine (216). Verly et al. (217) found an increased level of pregnanediol for 
a period of one to three days in the urine of rabbits immediately after mating 
and a second rise to a plateau from about the ninth day of pregnancy to 
shortly before parturition. 

Estrogens.—Stimmel et al. (218) isolated estriol from the urine of a 
normal man after the injection of a massive dose of 16-ketoestrone. The 
authors claim that 16-ketoestrone is present in urine and when reduced by 
the zine-hydrochloric acid procedure is responsible for the increased estrogen 
titers. 

Labeled steroids——The metabolism of progesterone 21 C™ prepared by 
the method of Riegel & Prout (219) was studied by Grady et al. (220). 
After intramuscular injection of this compound at levels of 0.5 and 2 mg. to 
female rats, most of the radioactivity was found in the feces, while less than 
10 per cent was found in the urine and expired carbon dioxide. In bile fistula 
rats, half of the activity was found in the bile and appreciable amounts in 
the urine; after bile duct ligation most of the activity appeared in the 
urine. Nicholas et al. (221) have studied the metabolism of 17-methylestradiol 
with C™ in the methyl group and found only small amounts in the urine of 
injected rats. Most of the radioactivity was found in the feces. Twombly 
& Schoenewaldt (222) have found that the principal route of excretion of 
radioactive dibromoestrone in man is through the bile as was the case with 
rabbits, dogs, and monkeys. Gallagher et al. (80) reported on the metabo- 
lism of deuterated and radioactive steroids in man and animals. Hanahan 
& Everett (223) and Davis et al. (224) have investigated the fate of S* 
labeled sodium estrone sulfate in rats. Although both groups found that the 
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estrone sulfate was rapidly hydrolyzed, no light was shed on the metabolism 
of the estrone. 


URINARY KETOSTEROID AND CORTICOSTEROID 
EXCRETION 

Mason & Engstrom (86) have recently reviewed steroid excretion in 
humans. 

Infants —Read eit al. (225), Venning et al. (226), and Venning (227) 
reported ketosteroid, reducing steroid, and formaldehydogenic steroid 
values of new born infants. In the second week of life the values reach the 
magnitude of normal adults when considered in terms of body surface. 
Similar results were obtained with bioassay of corticoids. An increased steroid 
excretion was observed after administration of ACTH. King & Mason (228) 
followed formaldehydogenic steroid values of 95 children and found incre- 
ments of 0.01 mg. per year. Measurable amounts were present in the urine 
of both normal and premature babies, with great individual variations in- 
creasing after stress and trauma. 

Disease.—In rheumatoid arthritis, Desmarais (229) found normal 
ketosteroid levels and Hench e¢ al. (230) found ketosteroid values within 
the normal range in 71 per cent of the patients while 29 per cent had lower 
values. The formaldehydogenic steroid values were within the normal 
range. Corcoran et al. (105) found these values increased in hypertensive 
vascular disease and reported a significant difference between the values of 
normal males (1.04 mg. per 24 hr.) and normal females (0.56), a difference 
which has not been observed at the Mayo Clinic (230). Great variations in 
ketosteroid values in mental disease were observed by Reiss et al. (231), 
and an increased excretion of B-hvdroxy-ketosteroids and low formaldehydo- 
genic steroid values were noticed during the depressive phase and a reverse 
during the manic phase in patients with manic depressive syndrome. Neu- 
komm & Reymond (232) found a decrease of ketosteroid excretion with 
increasing age, and Posey et al. (233) a decrease of such excretion in chronic 
ulcerative colitis. Ketosteroid excretion on the upper limit of normal or 
elevated in 15 of 33 patients with paraplegia was found by Bors et al. (234). 
The estrogen levels were increased in 30 of 34 patients. Staub et al. (235) 
noticed a significant increase of reducing steroid (method of Talbot) in 13 
patients with paraplegia, probably due to emotional and physical stress. 
McArthur et al. (236) report that the formaldehydogenic steroid values 
during diabetic acidosis were two to eight times greater than after recovery. 
No effect of insulin withdrawal was observed, but a correlation between 
the severity of acidosis and formaldehydogenic steroid levels was noted. 
Dohan (237) found a questionable decrease of ketosteroid levels in patients 
with severe chronic liver disease. Low ketosteroid values and increased 
reducing steroid levels in 7 patients with liver disease were observed by 
Bongiovanni et al. (238). Melicow & Cahill (239) studied the role of the 
adrenal cortex in somatosexual disturbances in 20 children and reported 
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great individual variations in ketosteroid excretion. Robinson & Goulden 
(240), investigating the ketosteroid excretion in normal males and patients 
with prostate cancer, found that androsterone and etiocholanolone were in 
ratio of 1:1 in normal males; there was an increase of etiocholanolone relative 
to androsterone in prostate disease. Forbes et al. (241) studied the glycogenic 
activity of urinary extracts in more than 50 cases and concluded that in 
most instances the biological test is not superior to the chemical determina- 
tion. Ketosteroid levels in 141 cases of testicular insufficiency have been 
reported by Howard et al. (242). Zarrow et al. (243) compared biologic 
assays for androgen with ketosteroid. excretion in a number of clinical con- 
ditions and found good correlations, except in cases of liver disease and 
gynecomastia. 


STEROID EXCRETION AFTER ADMINISTRATION OF ACTH AND CorTISONE 


In many clinical investigations where these hormones were administered, 
steroid excretion values were determined and reported. The isolation of the 
individual compounds after cortisone and ACTH administration has been 
discussed already. 

ACTH.—Sprague et al. (205), Hench et al. (230), and Mason (244) have 
reported that after prolonged administration of 70 to 100 mg. of ACTH per 
day to patients with rheumatoid arthritis, the ketosteroid levels increased 
from 21 to 45 mg. The formaldehydogenic steroid values increased to 17.5 
mg. per day; in four cases 30 to 50 per cent of the value reported as form- 
aldehydogenic steroid was isolated as compound F by Mason. Venning 
et al. (245) reported 44 to 105 per cent increase of ketosteroid after the 
administration of 60 to 210 mg. of ACTH for two to seven days to six 
normal subjects. A 72 to 565 per cent increase of glucocorticoids (bioassay) 
and 40 to 80 per cent RS increase were also reported. Conn & Louis (246) 
administered 50 mg. of ACTH to four normal subjects for eight days. The 
ketosteroid values rose to 30 to 100 mg. with maximum values reached be- 
tween the second and seventh day. Dobriner et al. (247, 248) reported on 
ketosteroid, formaldehydogenic steroid, and reducing steroid in neoplastic 
disease and found great variations in the responsiveness of the adrenals to 
steroid production after prolonged administration of 100 to 200 mg. of 
ACTH. Quantitative changes in the excretion of individual steroid metabo- 
lites were reported. In their 48 hr. response test with 40 mg. of ACTH, Thorn 
et al. (1) and Forsham (249) found an increase of 4 to 8 mg. per day of 
ketosteroid above the control levels. Bartter ef al. (250) found a rise of the 
ketosteroid but not of the reducing steroid levels in a case of panhypo- 
pituitarism; Soffer et al. (251) observed a twofold increase of ketosteroid and 
fivefold increase of formaldehydogenic steroid with Cushing’s syndrome 
and adrenogenital syndrome after the prolonged administration of ACTH. 

Cortisone and other steroids.—Sprague et al. (205) and Hench et al. (230) 
reported that after the administration of cortisone to arthritic patients, the 
ketosteroid excretion decreased promptly and markedly, provided a normal 
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excretion level existed before treatment. The low values persisted for a 
protracted period after a prolonged administration, If the control levels of 
ketosteroid were very low, the ketosteroid levels increased gradually. A 
tentative interpretation involving decreased adrenal cortical activity was 
offered for these effects. In congenital hyperplasia of the adrenals Wilkins 
et al. (252) found a decrease of ketosteroid and formaldehydogenic steroid, 
and Perera et al. (253) an increase of these steroids in hypertensive vascular 
disease after the administration of cortisone, with a delayed depression 
after cessation of the treatment in the latter case. 

Polley & Mason (254) have studied ketosteroid and formaldehydogenic 
steroid excretion in rheumatoid arthritis after treatment with steroids 
other than cortisone. They observed increased excretion of ketosteroid after 
the administration of Reichstein’s compound S (1); 17a-hydroxy progesterone 
(II); pregnane-17a-21-diol-3,11,20-trione (III); A‘-pregnene-17a-21-diol-3, 
11,20-trione (IV); and A®-pregnene-17a-20,21-triol-3-one (V). No increase in 
ketosteroid levels was observed with compound F (V1), 6-dehydrocortisone 
(VII), and pregnenolone (VIII). Increased formaldehydogenic steroids were 
observed after administration of I, III, VI, and VII, whereas no increases 
were observed after II, IV, V, and VIII. Engel et al. (255) followed the 
excretion of ketosteroids and alcoholic steroids after the administration of 
dehydroisoandrosterone, testosterone, and progesterone in rheumatoid 
arthritis and cancer and found great variations in the urinary steroid 
excretion. 

Nonsteroidal substances——Hormonal stimulation of testicular function 
by administration of chorionic gonadotrophin has been studied by Landau 
et al. (256) who found a significant increase of ketosteroid levels in normal 
and eunuchoid males. The testicular contribution was equivalent to 25 mg. 
of testosterone propionate. An adrenal influence was throught to be ex- 
cluded because the dehydroisoandrosterone excretion was not increased. 
The investigations of Kyle & O’Donovan (257) support the specificity of 
chorionic gonadotrophin for the testis, since there was no increase of keto- 
steroid after administration to a hypogonadal female. 

Epinephrine is thought to stimulate ACTH release from the hypophysis 
and would therefore result in increased steroid production by the stimulated 
adrenal with subsequent increase in ketosteroid excretion. Recant et al. 
(258) gave epinephrine hydrochloride subcutaneously or intravenously over 
a period of 24 to 48 hr. to patients, but no increase of reducing steroid or 
ketosteroid was found. After administration of epinephrine, Posey et al. 
(233) observed no uniform response of steroid excretion in chronic ulcerative 
colitis. Lloyd & Lobotsky (259) assume a correlation between an antidiuretic 
substance in serum and corticoid excretion and suggest that a renal factor 
is involved. During diuresis, an increased amount of formaldehydogenic 
steroid was excreted. The renal factor in steroid clearance in rabbits was 
also suggested by the results of Danford & Danford (260) who found a 
positive relation between urine volume and ketosteroid excretion before and 
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after forced water diuresis. Bissell e¢ al. (261) observed a decreased excretion 
of ketosteroid after ingestion of 24 gm. of 4’ carboxyphenylmethanesul 
fonamide (caronamid) for several davs. Due to an influence of the drug 
on tubular function the expected rise of ketosteroid after testosterone 
administration was lacking. Michie & Clayton (262), after bilateral splanch- 
ectomy, found no change in ketosteroid excretion, and concluded that 
adrenal function is not under direct nervous control. 

Daughaday et al. (263) found no indication of increased adrenal function 
measured by ketosteroid and formaldehydogenic steroid levels after salt 
diuresis or DOCA administration in patients with hypertension. An increase 
of formaldehydogenic steroid was observed in a hypertensive patient with 
polyuria. After 12 days of administration of 15 mg. of DOCA to a patient 
with Cushing’s syndrome, a decrease of ketosteroid but not of formaldehydo- 
genic steroid was observed. Ransohoff et al. (264) observed a slight increase 
of ketosteroid levels in persons with low sodium intake, but a marked 
increase of ketosteroid excretion on high sodium intake. 


STEROID BIOCHEMISTRY 


The mechanism of action of the steroid hormones is still an unsolved 
problem. A growing number of investigations are directed toward observing 
changes induced by these hormones and especially with the effect of adrenal 
hormones on enzyme systems. These studies have not as vet resulted in an 
explanation of the effects observed, but a fuller understanding of steroid 
action in normal and pathological conditions will contribute to a more 
rational approach in therapy. 

Effect of steroids on enzymes.—Kochakian & Robertson (265) have 
studied the action of adrenal cortical steroids on arginase activity. Cortisone 
induced an increased activity of liver and kidney arginase in mice, whereas 
compound A had no effect. Hayano et al. (266) observed that DOC inhibits 
the d-aminoacidoxidase probably by means of a reaction between the steroid 
and the apoenzyme of the oxidase. Thirty-two other steroids tested showed 
no effect. Umbreit & Tonhazy (267) found that cortisone controls the level 
of the proline-oxidizing enzyme in rat kidney homogenates. The influence 
of ACTH and cortisone on plasma aminopeptidase has been reported by 
Holman et al. (268) in mice and by Sayers et al. (269) in humans. Schwartz & 
Engel (270) have not confirmed this observation in rats and mice. Leupin 
(271) found no influence on deamination when DOC and compound A 
were incubated with surviving rat diaphragm. 

Chiu (272) and Chiu & Needham (273, 274) studied the effect of DOC, 
compound A, and cortisone on glycogen content of rat and rabbit’ liver 
slices and observed an increased glycogen content due to an increased 
production or decreased breakdown. There was no alteration in oxygen 
uptake. Verzér and co-workers (275, 276, 277) found that liver and muscle 
glycogen was restored to normal when adrenalectomized rats were treated 
with DOC for several days. Cortisone, in short term experiments, was more 
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rapid in action, and higher glycogen levels were achieved than with DOC; 
in long term experiments (278) the difference was much smaller. Ingle (3) 
found it necessary to starve the animals in order to differentiate between 
the action of these two steroids. Leupin & Verz4r (279) observed that corti- 
sone had only a third the activity of DOC in inhibiting glycogen formation 
of rat diaphragm. Dirscherl and co-workers (280, 281) reported in great 
detail the effect of estrogens and androgens on the respiratory and glycolytic 
enzyme systems of liver and diaphragms of mice. Both androgens and 
estrogens increased tissue respiration but at different rates. An activation 
of enolase, hexokinase, and of carboxylase by these steroids was observed. 

Csapo (282) found that estrone administered to ovariectomized rabbits 
resulted in the restitution of the actomyosin concentration of the uterus of 
rabbits and in the increase of adenosinetriphosphatase activity. Hayano 
et al. (283) observed that the oxygen consumption of liver, kidney and brain 
slices was inhibited by dehydroisoandrosterone, methyl testosterone, testos- 
terone, and DOC; DOC was the most potent inhibitor, whereas A‘-androstene- 
3,17-dione progesterone, estrone, and estradiol were less active. Okey et al. 
(284) found that the severity of avitaminosis of biotin-deficient rats was 
increased by testosterone administration. Diethylstilbestrol delayed or 
prevented biotin deficiency in castrated male rats. 

Opsahl (285) continued her studies on the action of steroids on hyaluroni- 
dase and found that compound E and to a lesser extent compound A inhibit 
the spreading action of hyaluronidase. Testosterone, estradiol, progesterone 
and pregnenolone had no definite influence. Seifter et al. (286, 287, 288) 
investigated the influence of steroids on the alteration of permeability by 
hyaluronidase and claimed that normal permeability of the synovial mem- 
brane is influenced by the balance between adrenal steroids without 11- 
oxygen function and 11-oxygenated compounds. Cortisone, ACE, and 
ACTH decreased and DOCA increased the membrane permeability. Winter 
& Flataker (289) found that cortisone and ACE strongly inhibited the 
spreading action of hyaluronidase. No clear relationship between structure 
and biological activity of other steroids was observed. 

Effect of enzymes on steroid metabolism.—The influence of enzyme systems 
on the metabolic transformation of testosterone has been reviewed by Sam- 
uels (290). He and his co-workers (291) observed that liver (slices and 
minces) of fish, amphibians, and reptiles possessed an enzyme independent 
of diphosphopyridine nucleotide (DPN) and citrate which reduced the a,6- 
unsaturated carbonyl group of testosterone; no conversion to 17-ketosteroids 
occurred in these species. On the other hand, a citrate-dependent enzyme 
which reduces the a,8-unsaturated carbonyl group of testosterone is present 
in the livers of birds and mammals. Another DPN enzyme is present in the 
livers of these species which forms 17-ketosteroids from the male hormone. 
This enzyme has been purified and characterized by Sweat et al. (292); it 
occurs in the cytoplasm and contains neither a metal nor cytochrome, and 
has an estimated molecular weight of less than 43,000. Levedahl & Samuels 
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(293) have further investigated the metabolism of methyl testosterone and 
testosterone by the livers of various mammals. All liver tissues destroyed 
the a@,8-unsaturated carbonyl group of both compounds and formed 17- 
ketosteroids from testosterone but not from methyl testosterone. The 
influence of DPN and citrate on these transformations has been studied 
in different species. Grant & Marrian (294) have discovered that preg- 
nanediol is metabolized by rat or rabbit liver to unknown products by an 
oxidative mechanism. This mechanism is not sensitive to cyanide and does 
not involve sulfate or glucuronidate formation. 

Glass (295) has reviewed the literature on the inactivation of estrogen 
by liver. Confirming previous investigations, Vanderlinde & Westerfeld 
(296) demonstrated that the level of protein intake governed the estrone 
inactivating system of liver. Jailer & Seaman (297) reported that the ability 
of rat liver to inactivate estradiol depends on the protein content of the 
diet and is independent of avitaminosis B and inanition. Rush (298) found 
that normal mouse liver is slightly more effective in inactivating estradiol 
than the liver of castrated or estrone treated mice. Werthessen & Field (299) 
observed that the liver of an immature rat whose ovaries were transplanted 
to the spleen did not completely destroy the activity of estrogens. Werthes- 
sen et al. (300) observed the presence of an enzyme in blood which oxidizes 
estrone. The biologically inactive product which is not a 17-ketosteroid can 
be detected by polarographic methods. Increased amounts of this enzyme 
(estronase) in the blood of postmenopausal women with cancer of the breast 
have been found (301). 

Effect of steroids on intermediate metabolism.—The influence of adreno- 
cortical hormones on carbohydrate and nitrogen metabolism will not be 
discussed here in detail, since the field has been recently reviewed by Sprague 
et al. (205), Thorn et al. (1), and Ingle (3). Edwards et al. (302) found no 
correlation between citric acid and estrogen excretion in women during 
the menstrual cycle, nor could they induce a significant change in citric 
acid excretion after estradiol benzoate administration. Beck et al. (303) 
found no change in urine ascorbic acid after administration of 100 to 300 
mg. of cortisone, but the excretion increased after administration of ACTH. 
An increased turnover rate and a decreased pool size of uric acid was found 
by Bishop et al. (304) after administration of cortisone and labeled uric 
acid to a patient with gout. Rose (305) found a marked reduction in urinary 
histamine and a marked increase in histidine excretion after the administra- 
tion of ACTH to asthmatic patients. An increased histidine excretion after 
the administration of cortisone or ACTH to mice was observed by Stephens 
et al. (306). Stoerk & Porter (307) reported that an excessive loss of fat was 
prevented by cortisone and not by DOCA in adrenalectomized rats on a 
restricted food intake. Conn et al. (308) found that in man during ACTH 
administration the total cholesterol levels in the blood fell precipitously, 
mainly at the expense of the ester fraction. After ACTH or cortisone treat- 
ment, Adlersberg et al. (309, 310) observed increased levels of total choles- 
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terol, with a concomitant increase of the ester fraction and phospholipids. 
Kochakian and co-workers (311 to 314) have continued their excellent stud- 
ies on the anabolic action of androgens and find a smaller nitrogen retention 
in female rats than in castrated and normal male rats; the ovariectomized 
female rat is intermediate between the normal female and the castrated 
male rat. The sequence of potency of steroids tested was: testosterone 
propionate, testosterone; 17-methyl testosterone; androstane-17a-ol-3-one; 
androstane-3a,17a-diol; A‘-androstene-3,17-dione; androstan-3,17-dione; 
androsterone acetate; 17-methyl androstane-3a, 17a-diol; androstane-3a,17a- 
diol; androstane-3a,17a-diol-3-acetate. 

The influence of cortisone and ACTH on antibody formation, anaphy- 
laxis, and antigen reaction has been reviewed elsewhere (1, 3, 315 to 323). 

Sayers (324) has written an excellent review of the effect of the adrenal 
cortex on homeostasis. Woodbury ef al. (325) investigated the influence of 
cortical hormones and ACTH on sodium excretion. Whereas DOCA invari- 
ably causes sodium retention, the 11-oxygenated steroid hormones can pro- 
duce both retention and excretion. They concluded that the adrenal 
“normalizes” plasma sodium regardless of the direction of the electrolyte 
disturbance. Mudge et al. (326) found in their studies of potassium excre- 
tion in dogs that DOC glucoside significantly increased the total output 
of potassium during water diuresis. Green et al. (327) studied the effect of 
DOC glucoside on water and sodium excretion and found a striking increase 
in water excretion due to decreased tubular absorption and a reduction in the 
sodium excretion; no comparison with DOCA and DOC was reported. Cos- 
mos et al. (328) found DOC glucoside less active than DOCA when given 
subcutaneously. Studying the influence of steroids on sodium excretion, 
Dorfman (329) observed that of the eleven steroids investigated, DOC 
was effective at 1 ug., DOCA at 25 wg., and A*-pregnen-21-ol-3,12 20-trione- 
21 acetate at 1,340 ug. Compound F caused a significant excretion of sodium; 
compound A (100 wg.) and corticosterone (400 ug.) and other steroids tested 
showed no effect. Masson et al. (330) found that compound S was approxi- 
mately 1/13 as active as DOCA as measured by life maintenance, electrolyte 
balance, and body growth in adrenalectomized rats. It had no influence on 
the hypertension produced by DOCA in unilaterally nephrectomized rats. 
Leathem (331) found that A'-desoxycorticosterone acetate (A'-allopregnen- 
21-ol-3,20-dione-acetate) is only about 1/10 as active as DOCA in the life 
maintenance test. Zuckerman et al. (332) thoroughly investigated the 
influence of 178-estradiol, progesterone, and DOCA on the water content of 
the tissues of female rats. The changes involved all tissues but the magnitude 
in water shift differed both with different hormones and between different 
tissues. Deming & Luetscher (333) estimated the DOC-like activity of 
human urine by a modified method of Dorfman based on the excretion of 
radio sodium. A biological assay for the estimation of very small amounts 
of pure or crude estrogen has been described by Emmens (334). Holden & 
Lozinski (335) found that in rats testosterone sulfate had a very low activity 
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compared with testosterone propionate. Dorfman (336) found that 16- 
dehydroprogesterone was weakly androgenic; three other C-21 steroids 
tested were inactive. 


MORPHOLOGICAL CHANGES INDUCED BY STEROIDS 


The morphological changes induced by steroids have been reviewed by 
Ingle (3) and Thorn et al. (1). In 1943, Kuizenga et al. (337) first observed 
the growth-inhibiting action of cortisone in immature rats, Winter et al. 
(338) reporting similar results, and Karnofsky et al. (339, 340) that of corti- 
sone in the chick embryo, the chick, and in newborn mice. 

The influence of steroids on mitosis was investigated by Bullough (341, 
342, 343) who found that the estrous cycle in mice is accompanied by an 
epidermal mitotic cycle, and that the rate can be stimulated by estrone and 
testosterone. Green (344) claims that cortisone suppresses rather than ac- 
celerates the rate of skin mitosis. Cessation of hair growth by estrogens was 
further investigated by Baker & Whitaker (345) who found that adrenalec- 
tomy prevented inhibition of hair growth by estrogens. Cessation of hair 
growth, thinning of epidermis, and loss of collagen fibres in rats after local 
application of cortisone and compound F was reported by Castor & Baker 
(346). The inhibitory influence of cortisone on the growth of fibroblasts in 
connection with wound healing was reported by Ragan and co-workers in 
rabbits (347), in rabbits and rats (348), and men (349). Similar investigations 
were reported by Baker & Whitaker (350), Taubenhaus & Amromin (351), 
and Stinchfield (352). The growth inhibiting effect of natural and artificial 
estrogens in rats was investigated by Meites (353). 

In his recent book, Lipschutz (354) has reviewed steroid tumorigenesis 
and antitumorigenesis. The effect of androgens and estrogens in human 
cancer has been dealt with by Nathanson (355). Pearson & Eliel (356, 357) 
have reviewed the effect of cortisone and related compounds and ACTH in 
neoplastic disease. The effect of cortisone and a number of other steroids on 
the “tumor spectrum”’ was investigated by Sugiura ef al. (358, 359). Corti- 
sone compounds A and F were found to be active. Woolley (360) reported 
that these compounds, as well as 21-desoxycortisone, caused regression of 
experimental mouse tumors. In transplanted lymphosarcomas (361) in 
mice, compound A was one-fourth as effective as cortisone. Emerson et al. 
(362) reported regression of lymphosarcomas in riboflavin-deficient mice 
by cortisone and compound A (363) and found four other 11-ketocompounds 
inactive when tested at the dosage of 1 mg. daily. 

Retardation of implanted lymphomas in pyridoxine-deficient rats by 
cortisone and methyl testosterone was observed by Stoerk (364). Ingle et al. 
(365) reported the retardation of Walker rat carcinoma 256 by cortisone. 
Although the animals were in negative nitrogen balance, the tumor gained 
in weight but less rapidly than the controls. Inhibition of rhabdomyosarcoma 
in mice by cortisone was reported by Higgins et al. (366). Burchenal et al. 
(367) did not observe an increase of survival time after administration of 
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cortisone to mice with transplanted leukemia. Baker & Whitaker (368) 
suppressed growth of methylcholanthrene-induced carcinomas in mice by 
local application of cortisone. 

The effect of steroids on white blood cells was reported by several investi- 
gators. Hechter (369) found that compounds E, A, corticosterone, DOC, 
and androsterone did not alter the rate of lymphocyte breakdown in lymph- 
oid tumor homogenates in contrast to the lymphocytolytic action of adrenal 
cortical extract. Feldman (370) studied the action of compounds E and A, 
DOCA and testosterone propionate in vitro upon lymphocytes, bone marrow 
and testicular tissue and found that only compound A has the same cyto- 
toxic action on lymphocytes as lipoadrenal cortical extract. Speirs & Meyer 
(371), examining the effect of compounds E, A, and DOCA on eosinophils 
in adrenalectomized mice, observed a decrease of the eosinophil level with 
3 ug. of E; compound A was less effective and DOCA only in large doses. 

The possibility that the adrenal plays a significant role in the protection 
of animals against the effects of radiation led several investigators to study 
the influence of steroids on the survival time of animals after lethal x-ray 
dosage. Increased survival time in mice after pretreatment with estrogens 
was observed by Patt et al. (372); progesterone and testosterone were in- 
effective. No increased survival time was found by Ellinger (373) with testost- 
erone, by Smith et al. (374) with cortisone, or by Graham et al. (375) with 
compound A. 
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FAT-SOLUBLE VITAMINS! 


By HENRIK Dam 
Biologisk Afdeling, Danmarks Tekniske Hjskole, Copenhagen, Denmark 


VITAMIN A 


Standardization—The Report of the Subcommittee on Fat-Soluble 
Vitamins (World Health Organization or WHO), London April 1949, is now 
available in printed form (91), and comments on certain of its recommenda- 
tions have appeared. Concerning the spectrophotometric determination of 
vitamin A, Hjarde (31) at the Danish State Vitamin Laboratory, advocates 
the purification of the non-saponifiable by chromatography before the ab- 
sorption at 325 my is measured, instead of using the correction for irrelevant 
absorption introduced by Morton & Stubbs (64, 65). Brunius (2) at the 
Swedish State Vitamin Laboratory, points out that adulterations with, for 
instance, phenyl-azo-p-cresol which has an absorption spectrum within. the 
range 310 to 350 my, very similar to that of vitamin A, cannot be detected 
by the spectrophotometric procedure. He also criticizes the correction recom- 
mended by Morton & Stubbs. 

The assay procedure of the USP XIV follows largely the recommenda- 
tions of WHO. It also makes use of the SbCls-reaction, thereby ensuring that 
the absorption measured is due to vitamin A. The history of the adoption of 
the physico-chemical method of the USP XIV is described in the report of 
the Vitamin Committee of the Americal Oil Chemists’ Society (17). Eden & 
Sellers (15) have developed a micromethod for separating free and esterified 
vitamin A by means of a column of aluminum oxide; vitamin A alcohol is 
absorbed while the ester passes through the column. 

The SbCl3-reaction as applied to vitaminized vegetable margarine has 
been studied by Lodi (52); he proposes to eliminate other reacting substances 
by fractionation of the non-saponifiable with methanol and chloroform. When 
purification before reaction with SbCl; is needed, chromatography would 
probably be a more satisfactory procedure. The microestimation of vitamin 
Ain milk with activated 1,3-dichloro-2-propanol was described by Sobel 
& Rosenberg (75). Koch & Kaplan (46) have proposed a quantitative bio- 
logical method based on the observation that, under certain conditions, 
amounts of ingested vitamin A exceeding a threshold dose can be recovered 
from the livers of rats. 

Synthesis of vitamin A.—Contributions have come from Wendler, Slaters 
& Tishler (87) starting from ethyl-8-ionylidene acetate via two stereoiso- 
meric 8-ionylideneacetaldehydes (nor- and iso-), their corresponding ketones, 
the Coo-hydroxyesters, to vitamin A acid and vitamin A. Another method of 
converting B-ionylideneacetaldehyde to vitamin A via the acid was described 
by Huisman (35). 


' The review covers the period from approximately November, 1949 to October, 
1950, but a few publications prior and subsequent to this period have been included 
in the discussions. 
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Derivatives (including vitamin A:).—The potency of pure vitamin A, 
alcohol has been determined by Shantz & Brinkman (73) at 1,300,000 units 
per gm. using the USP rat growth procedure; they also studied the storage 
of vitamin A: in the liver and found that it is not converted to vitamin A, in 
vivo. According to Karrer & Schneider (44), the constitution of vitamin A, 
is still undecided; they have withdrawn the open-chain formula proposed by 
Karrer, Geiger & Bretscher (43) because the vitamin did not yield acetone 
on treatment with ozone. Vitamin A aldehyde obtained from 8-carotene has 
been found by Wendler, Rosenblum & Tishler (86) to possess a biological 
activity approaching that of vitamin A. 

The substance ‘Y” formed together with vitamin A aldehyde, when 
vitamin A is oxidized with permanganate in acid solution, and having an 
absorption maximum in the SbCl;-reaction at 560 my has been shown by 
Meunier, Mallein & Jouanneteau (62) to be dihydroxy-5,6-retinene instead 
of the corresponding epoxide as formerly believed. This is the compound for 


H3C CH3 
CH3 CH3 
2 CH:CH-C:CH-CH:CH-C:CH-CH:O 
OH 
3 
OH 
4 
CH, 
Substance ‘‘Y’’ 


which Meunier & Ferrando (58) found vitamin A activity between 1/20 
and 1/25 of that of vitamin A alcohol. 

Meunier, Jouanneteau & Ferrando (61) reported the antivitamin A 
character of a product ‘‘Z’’ from the oxidation of vitamin A with vanadium 
oxide which has an absorption maximum in the SbCl;-reaction at 545 mu. 
The substance is also known from the work of Wald (80). Later, Meunier, 
Zwingelstein, Jouanneteau & Mallein (63) reported that the compound Z 
consists of two substances in equilibrium with each other, of one these (Z:) 
is soluble in acid water, the other (Zz) in petroleum ether. 

Shantz (72) studied the compound named by him rehydrovitamin A; this 
substance is formed from anhydrovitamin A when the latter is fed to rats. 
Rehydrovitamin A was found to be about 20 times as active as anhydrovita- 
min A and 1/5 as active as vitamin A. It is toxic for rats at about the same 
level as vitamin A. The formula is indicated as: 


H3C CH3 
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 cwcn St vcnen ft 
H2C C:CH-CH:C:CH:CH-CH:C:CH9°CH20H 
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Rehydrovitamin A 
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An autoxidation product of vitamin A believed to be vitamin A 11-12 
epoxide has been described by Troitski (77a), the probable sequence of prod- 
ucts formed by the autoxidation being: 

Vitamin A—Vitamin A epoxide—Chromogen 570—Chromogen 420. 

Destruction of vitamin A in oils, feeds, etc—Holman (33) studied the oxi- 
dation of vitamin A acetate in highly purified methylene linoleate; the vita- 
min A acetate was destroyed before 10 per cent of the linoleate carrier had 
been oxidized. The oxidation products of the vitamin A acetate were spec- 
trally similar to those arising from oxidation when linoleate is not present. 
Halverson & Hart (26) found that vitamin A in mixed ration or white corn 
containing added cod liver oil was not protected from gradual destruction 
during storage merely by sealing the containers. Addition of trace minerals 
(iron, copper, cobalt, and manganese) to unsealed white corn samples con- 
taining added cod liver oil led to extremely rapid destruction. This effect of 
the trace minerals could largely be prevented by adding them in the form 
of dried gelatine-mineral mixture. 

Provitamins A, carotenoids—The existence of an apparently noncarotene 
provitamin A for fishes has been pointed out by Lane (51). The substance 
was prepared by acetone-ether extraction and chromatography from zoo- 
plankton consisting mainly of the calanoid copepods Temora turbinata and 
Centropages typicus. It can be utilized as precursor to vitamin A by the fish 
Limanda ferruginea; the site of its conversion to vitamin A is believed to be 
the small intestinal region which bears the pyloric cecae. The stereoisomeric 
provitamins A have been reviewed by Zechmeister (92). B-carotene has been 
demonstrated in a deep-sea mud sample of up to 960 years old by Koe, Fox, 
and Zechmeister (47). In the gonads of the limpets Patella vulgata and Patella 
depressa, Goodwin & Taha (23) and Goodwin (22) have identified and studied 
the quantitative distribution of the four carotenoid pigments: 8-carotene, 
echininone, cryptoxanthin and zeaxanthin; echininone is believed to be 
4-keto-8-carotene and not 3-keto-8-carotene as previously suggested. Kon & 
Thompson (48), continuing their studies on preformed vitamin A in Crus- 
tacea, found only traces of B-carotene but plenty of vitamin A in Euphasia 
superba Dana and Palaemon serratus. 

Massonet (53a) and Grangaud & Massonet (23a) claim that a constituent 
in shrimp oil (from Aristomorpha foliacea) prevents xerophthalmia without 
promoting growth. These properties were exhibited by a specimen of 
astaxanthin prepared from the oil. 

The in vitro synthesis of B-carotene has been accomplished by Karrer & 
Eugster (41) starting from [1’1'5’-trimethyl-cyclohexen-(5’)-yl(6’)]-3-meth- 
yl-hexen-(1)-in-(5)-ol-(3) and octene-(4)-dione-(2,7). Similarly, lycopene 
has been synthesized by Karrer, Eugster & Tobler (42) from 4,8,12-tri- 
methyl-tridecatrien-(5,7,11)-ene-(1)-ol(4) and octene-(4)-dione-(2,7). Ac- 
cording to von Euler & Karrer (19), the vitamin A activities of B-carotene- 
-di-epoxide and luteochrome are 65 and 20 per cent of that of 8-carotene re- 
spectively. 

Conversion of carotene to vitamin A.—Wendler, Rosenblum & Tishler 
(86) have described the in vitro conversion of B-carotene to vitamin A in good 
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yield. They oxidized B-carotene with hydrogen peroxide and osmiumtetroxide 
whereby vitamin A aldehyde, 8-ionylideneacetaldehyde and 2,7-dimethyloc- 
tatriendial are formed. They then separated the oxidation products by chro- 
matography and reduced the vitamin A aldehyde to vitamin A with lithium 
aluminum hydride, Stallcup & Herman (76) incubated small intestine, 
minced liver, and blood plasma of calves with a colloidal carotene solution 
and found conversion to vitamin A in intestine and liver but not in plasma. 
Claims to the effect that iodinated casein, thyroid homogenate, or thyroid 
slices transform carotene into vitamin A have again been refuted by Lowry 
& Lowry (53). 

Regarding the conversion and utilization of carotene in intact animals, 
Coates, Thompson & Kon (4) found thatit is vitamin A ester which increases 
in the mesenteric lymph when #-carotene (or vitamin A) is given to pigs and 
rats. Thompson, Coates & Kon (77) found that also for the chick the site of 
conversion of carotene to vitamin A is the small intestine, as previously 
found for rats and pigs. Using chicks as experimental animals Greenberg, 
Calbert, Pinckard, Deuel & Zechmeister (24) found that pro-y-carotene has 
51 per cent of the potency of all-trans-8-carotene while all-trans-y-carotene 
(prepared by stereoisomerization of pro-y-carotene) has 42 per cent. A second 
report (25) noted a potency for all-trans-cryptoxanthin of 55 per cent that of 
all-trans-B-carotene. 

Vavich & Kemmerer (78) studied the influence of the size of rats on 
liver and kidney storage of vitamin A after feeding a given dose of 8-carotene. 
The storage was higher in the smaller animals, but the amount of basal 
diet consumed by the animals had no effect on the vitamin A storage. 
Kelley & Day (45) found that large amounts of xanthophyll administered 
with 8-carotene (or vitamin A) decrease the utilization of these substances 
for tissue storage of vitamin A. Further observations on this phenomenon 
were made by Vavich & Kemmerer (79). Frey & Wilgus (20) studied the 
utilization of carotene by laying chickens from the following sources: 
carotene in cotton seed oil, fresh alfalfa, alfalfa meal. The efficiency was 
compared with that of vitamin A in fish liver oil. Vitamin A was found to be 
superior in building liver reserves of the vitamins, while carotene from alfalfa, 
fresh or dehydrated, was superior in transfer of vitamin A and carotene to 
the egg. Alfalfa appeared to contain a factor which enhances the utilization 
of carotene since carotene in oil was utilized less efficiently than carotene in 
alfalfa. 

Utilization and fate of vitamin A in the animal organism.—Kramer (49) 
found that vitamin A is more rapidly absorbed from the intestine when giv- 
en as an aqueous dispersion than when in oil solution. Eden & Sellers (14, 16), 
working with ruminants, found that vitamin A is absorbed mainly in the 
ester form; vitamin A esters were hydrolyzed completely or partially in the 
intestinal lumen, but the intestinal wall is capable of esterifying free vitamin 
alcohol. A factor capable of hydrolyzing the ester form of vitamin A has 
been demonstrated by Krause & Alberghini (50) in the blood plasma of man, 
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rats, and rabbits. The passage of vitamin A from mother to young in the 
rat was studied by Henry, Kon, Mawson, Stanier & Thompson (28). They 
estimate that a mother rat required specifically for lactation about 15 I.U. 
of preformed vitamin A daily, and that this amount is probably quantita- 
tively transferred to the milk. Eden & Moore (13) confirmed that in young 
rats given low doses of vitamin A acetate in conjunction with a vitamin A 
deficient basal diet, the kidney absorbs greater concentrations of vitamin A 
than the liver. 

The influence of tocopherol on vitamin A deposition in the liver is dealt 
with under vitamin E. At this juncture it should be mentioned, however, 
that Dubouloz, Pistone & Marville (10) report that when a very large dose 
of vitamin E is given to rats fed a vitamin A deficient diet, the amount of 
vitamin A deposited in the liver is not much higher when tocopherol or 
other antioxidants are present than when the vitamin A preparation is de- 
prived of any antioxidant. 

Ershoff (18) studied the effect of prolonged exposure to cold on the vita- 
min A requirement of the rat; he found that on a purified ration deficient in 
vitamin A, rats were depleted more rapidly under cold room conditions 
(2°C.) than at room temperature (23°C.). 

Deficiency symptoms.—Vitamin A deficiency symptoms in mice have 
been described by McCarthy & Cerecedo (55); apparently, mice did not de- 
velop the typical symptoms when given a certain vitamin A-deficient diet 
after weaning, although rats responded to the same diet in four to seven 
weeks; prenatal and lactational treatment are important in determining the 
time of appearance of the symptoms. Absence of vitamin A from weaning 
leads to destruction of the reproductive function in males and impairment 
of it in females. The optimum requirement of vitamin A for mice is in 
the neighborhood of 1 I.U. per day. Wilson & Barch (89) confirmed that 
congenital malformations can be induced in fetal and newborn vitamin A- 
deficient rats by maintaining the mothers on A-deficient diets; they also de- 
veloped a method whereby it is possible to collect severely malformed fetuses 
that would otherwise be destroyed in utero. According to Jungherr, Helm- 
holdt & Eaton (37), the parotid gland appears to be especially prone to 
exhibit histo-pathologic alterations in vitamin A deficiency in calves. 
Chevrel-Bodin & Cormier (2a) report that in rabbits, vitamin A deficiency 
does not produce xerophthalmia unless a certain amount of vitamin E is 
present in the diet. Testicular lesions produced in rabbits by inanition can 
be ameliorated by administration of vitamin A. Histologically, these lesions 
are identical with those produced by lack of vitamin E. 

Relation to hormones—Mayer & Truant (54) have obtained evidence 
which suggests that vitamin A deficiency in rats interferes with the synthesis 
or release of androgens. Kahn & Bern (40) implanted a-estradiol pellets in 
ovariectomized female rats and studied the effect on the vaginal epithelium 
of applying vitamin A alcohol intravaginally. They interpret their findings as 

supporting the contentions of some earlier investigators who related all 
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epithelial metaplasia and keratinization to local vitamin A inadequacy, 
regardless of the initiating agent. Beher & Gaebler (1) found that the concen- 
tration of vitamin A in the blood fell when testosterone was administered to 
female dogs. Cooper, March & Biely (8) found that thyroid activity markedly 
affects the metabolism of vitamin A. 

Studies with dairy cattle—Eaton, Johnson, Spielman, Matterson & 
Nezvesky (11) found that prepartum milking for ten days prior to parturi- 
tion resulted in decrease in carotene and vitamin E content of the colostrum 
from the first six milkings postpartum. The same authors (12) also found that 
prepartum milking lowers blood plasma carotene and vitamin A in calves 
from one week to four weeks of age as compared with values for calves from 
dams milked postpartum only. The effect of prenatal storage and of ingestion 
of colostrum to calves was studied by Nezvesky, Eaton, Johnson, Matterson, 
Bliss & Spielman (66). Plasma vitamin A and liver storage were both in- 
creased. Mercer, Eaton, Johnson, Spielman, Plastridge, Matterson & Nez- 
vesky (56) found that interruption of milking for ten days during lactation 
results in increases of carotene and vitamin A in the milk. The relation of the 
carotene and vitamin A content of summer milk to the carotenoid content of 
the pasture herbage was studied by Hibbs, Krauss & Monroe (29), and the 
influence of pasture on the performance of calves by Hibbs & Pounden (30). 
Correct sulfonamide therapy has no influence on normal vitamin A and caro- 
tene metabolism of young calves according to Ronning & Knodt (71). 

Jacobson, Wise, Allen & Kempthorne (36) studied the efficiency of vari- 
ous modes of administering carotene and vitamin A to dairy calves. Feeding 
by nipple of dispersions of the substance in milk resulted in particularly fast 
absorption. 

Requirement of vitamin A for poultry—Wharton, Matterson, Scott & 
Bliss (88) determined the vitamin A requirement of growing turkeys to be 
1,700 I.U. per 100 gm. of feed. The vitamin requirement of poultry was 
reviewed by Hogan (32), the fat-soluble vitamins in poultry nutrition by 
Coates (3). Examples of the use of vitamin A therapy in veterinary medicine 
have been described by Tayler (76a). 

Vitamin A and detoxication.— Meunier, Ferrando, Jouanneteau & Thomas 
(59) interpret a detoxicating effect in rats of vitamin A against sodium ben- 
zoate as due to the fact that the synthesis of the necessary amount of glycine 
requires a certain amount of vitamin A. Meunier, Ferrando & Perrot- 
Thomas (60) found that vitamin A exerts a detoxicating action against 
bromobenzene in the growing rat. They suggest that vitamin A may be 
involved directly in the synthesis of cysteine which takes part in the de- 
toxication. 

A “lard factor’’ apparently related in some way to vitamin A has been 
demonstrated by Kaunitz & Slanetz (44a). It occurs in the fraction which 
distills from lard at 214° C. and 0.0001 mm. pressure. Weanling rats placed 
on simplified diets containing the residue fraction of lard distilled in this way 
develop weight loss, eye symptoms, etc., and die. Addition of the distillate 
or of B-carotene, a-tocopherol, or dried yeast affords protection. 
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Hypervitaminosis A.—Rodahl (68, 70) has extended his studies on the 
toxic effects of large doses of vitamin A and written a comprehensive mono- 
graph thereon (69). 

Vitamin A and vision.—The red pigment “‘cephalopsin’”’ from squid retina 
has been identified by St. George & Wald (21) as rhodopsin. Collins & Mor- 
ton (5) have described methods for extracting rhodopsin and determined 
the absorption spectrum for rhodopsin (and porphyropsin) from different 
species. Collins & Morton (6) also determined the absorption maxima of 
alkaline and acid ‘‘Indicator Yellow.” From the probable structure of indi- 
cator yellow analogues, consisting of, for instance, two molecules of retinene 
combined with the nitrogen of methyl amine, they proposed a tentative 
structure for indicator yellow, in which two molecules of retinene are 
united with a nitrogen bound to protein. They then (7) studied the relation- 
ship between rhodopsin and transient orange on the basis of changes in 
spectra occurring when rhodopsin is irradiated at —70°C. (whereby tran- 
sient orange is formed) and then allowed to reach equilibrium in the dark 
at room temperature. By this treatment a 50 per cent “regeneration” of 
rhodopsin occurs and the absorption maximum is shifted 8 my towards 
shorter wavelengths and this is considered evidence for the formation of a 
new substance ‘‘isorhodopsin.’’ They attempted to locate an isobestic point 
for the absorption curves of rhodopsin, zsorhodopsin and indicator yellow. 
Wald, Durell & St. George (84) examined the behavior of rhodopsin at low 
temperatures in another way. Spectra were measured with the Beckman 
spectrophotometer in a special Dewar flask, silvered except for a window. 
The rhodopsin solution buffered in glycerol water was suspended inside the 
vessel in a quartz cell over liquid air or solid carbon dioxide. The tempera- 
ture of the solution was measured with a thermocouple. At room temperature 
the absorption maximum was at about 500 my [agreement with Collins & 
Morton (5)]. On cooling to temperatures between —30°C. and —100°C. 
the maximum shifted progressively 5 to 9 my towards the red, and rose 6 to 
14 per cent higher than would be caused by the contraction of the solvent. 
On exposing the solution to light at these low temperatures, the maximum 
shifted about 5 my toward the blue and rose about 5 per cent in height for 
cattle rhodopsin, falling about the same amount in frog rhodopsin, still with 
little change in shape. This is the light reaction with lumi-rhodopsin as the 
end product. On warming the solution of lumi-rhodopsin to about —20°C., 
the absorption band shifted another 7 to 9 my toward the blue, with little 
further change in height or shape. This second product is called meta- 
rhodopsin. No retinene is formed during the conversion of lumi- to meta- 
rhodopsin, but on heating the solution of meta-rhodopsin to room tempera- 
ture in darkness, it goes over to a mixture of regenerated rhodopsin and 
retinene plus protein in roughly equal amounts. On a second exposure to 
light at room temperature, the regenerated rhodopsin bleaches to a final 
mixture of retinene and protein alone. The changes in color during the light 
reaction and during the further change to meta-rhodopsin are small. When 
rhodopsin was suspended in a gelatine film, in dry state, a short burst of 
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illumination resulted in lumi-rhodopsin even at room temperature; within 
the next 15 min. at room temperature in light or darkness the lumi-rhodopsin 
in the film was converted to meta-rhodopsin, which in the dry state remained 
stable and was unaffected by further exposure to light. On wetting with water 
however, meta-rhodopsin goes over in the dark to a mixture of regenerated 
rhodopsin and retinene plus protein. The authors suggest that in the process 
of scotopic vision the excitation of the rods may depend on the light reaction 
itself (formation of lumi-rhodopsin) or on some further change such as the 
conversion of lumi- to meta-rhodopsin which occurs at high speed, while the 
formation of retinene is too slow a process. Wald & Brown (82, 83) reported 
on the synthesis of rhodopsin by mixing colorless opsin (the protein compo- 
nent of rhodopsin) obtained from whole bleached rods, with synthetic reti- 
nene, in aqueous solution. This process is spontaneous and energy-yielding 
whereas the reverse bleaching of rhodopsin requires energy. The synthesis 
of rhodopsin in solution is inhibited by formaldehyde, which appears to 
compete with retinene, for protein amino groups, and by hydroxylamine, 
which displaces opsin as a retinene;-binding agent, forming retinene; oxime. 
Frog opsin condenses about as readily with retinenez as with retinene, 
yielding a photosensitive pigment, the absorption of which lies about 
halfway between rhodopsin and porphyropsin. Hubbard & Wald (34) 
reported on the synthesis of rhodopsin from vitamin A; and opsin, in homo- 
genates and aqueous extracts of frog retina. The scheme for the transforma- 
tions of rhodopsin with Wald and co-workers’ designations for the intermedi- 
ate products now appears as follows: 


rhodopsin 


light 


lumi-rhodopsin 


meta-rhodopsin 
H 90 


, alii . 1 
vitamin Ay + opsin zdiphosphopyridine nucleotide - H2 retinene, + opsin 
diphosphopyridine nucleotide 4 











The interconversion of the retinenes and vitamin A in vitro has been 
reviewed by Wald (81). Dartnall (9) has described two new photosensitive 
pigments from the Tench (Tinca tinca) retina, viz: visual yellow 2 and visual 
red, having maxima at 407 and 475 my respectively. Referring to Dartnall’s 
discovery, Hartridge (27) raises the question of the existence of several more 
retinal pigments connected with photopic vision, forming a series with 
equal frequency intervals. The pigment with a crest at 475 my on the 
absorption curve which is supposed to function as photocatalyst for vision 
in the blue part of the spectrum is believed to be related to xanthophyll. 
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Vitamin A in the human.—Wilson & Warkany (90) call attention to 
many of the cardiovascular anomalies in fetal and newborn rats from 
mothers fed vitamin A-deficient diets which simulate human malformations; 
other anomalies have not been reported in man but are theoretically possible. 

Merrow, Krause, Browe, Newhall & Pierce (57) studied the nutrient 
intake and blood serum levels of children showing physical signs of vita- 
min deficiencies, and came to the conclusion that blood content of vitamin 
A and carotene appear to be a poor indication of dietary intake of these 
nutrients. Week & Sevigne (85) used blood serum vitamin A levels as the 
criterion for determining the relative utilization of the alcohol, acetate, 
and natural ester forms of vitamin A in men and women. The vitamin 
was given in margarine in all cases. Vitamin A alcohol produced a greater 
response than the acetate. The results with the natural ester were less clear- 
cut. Addition of tocopherols to the vitamin A alcohol supplements had no 
appreciable effect on vitamin A absorption. After ingestion of high vitamin 
A doses, the increased vitamin A in the blood serum was present as ester 
irrespective of the chemical form in which it has been administered. Popper, 
Steigmann & Dyniewicz (67) found in hospital controls and patients with liver 
disease that intake of vitamin A esters gave slightly higher plasma vitamin 
A levels than intake of vitamin A alcohol. This difference was noted whether 
the preparations were given in oily or in aqueous medium. Higher levels 
were produced with aqueous suspensions than with oil. Since the rise of the 
plasma level is mainly due to the elevation of vitamin A esters, they con- 
clude that lipolytic processes do not retard absorption of vitamin A, and 
they suggest that part of vitamin A may be absorbed as ester, although the 
greater stability of the esters may be an alternative explanation. Kagan, 
Jordan & Gerald (38) studied the absorption of aqueous dispersions and 
oily solutions. Kagan, Thomas, Jordan & Abt (39) found higher serum vita- 
min A levels in nephritic patients than in normals 6 hr. after a test dose of 
vitamin A alcohol in aqueous dispersion was given. They suggest that the 
liver in the nephrotic syndrome fails to utilize or store vitamin A as rapidly 
as in normals. Sinios (74) fed varying doses of vitamin A to healthy sucklings 
and found only traces of the vitamin in the stools. When carotene was fed, a 
considerable amount of it was found in the stools, especially when small 
doses were ingested. The amount of vitamin A in the stools increased after 
feeding carotene. The author suggests that the provitamin is better utilized 
by sucklings than by adults. 


VITAMIN D 


Standardization, declaration of units, assay methods—After the introduc- 
tion of the new vitamin D standard [vitamin Ds, 0.025 ug which represent 
the international unit (26)], the Swedish State Commission on Nutrients (22) 
has issued rules for the declaration of vitamin D in vitamin preparations 
intended for incorporation in animal feeds held for sale in that country. 
They require a declaration as to whether the vitamin is in the form of Dz 





274 DAM 


or D3; or a mixture of both. The content shall be declared in international 
units per gm. If only Ds is present, it is not necessary to mention the method 
of assay (rats or chicks), but if Dz is present, the declared number of units 
shall be based on the rat assay, in case the preparation shall be used in feeds 
for mammals and on the chick assay, in case it shall be used in feeds for 
poultry. For preparations intended for mammals as well as for poultry, or 
if no specific statement is given as to the class of animals, two declarations 
are required: one based on the rat assay, the other on the chick assay. 

Motzok (14, 15) has based an assay method for antirachitic preparations 
on the determination of (alkaline) plasma phosphatase in chicks. The phos- 
phatase activities of plasma and bone extracts were found to increase mark- 
edly and in an approximately parallel manner with diminishing consumption 
of vitamin D. 

Kodicek (10, 11) has developed a microbiological assay of pure vitamin 
D, and D3. The procedure is based on the observation that vitamins D2 and 
D; are especially potent in reversing the bacteriostatic effect on Lactobacillus 
casei of long-chain unsaturated fatty acids. The reversing action is believed 
to be due to surface activity. Lecithin, a-tocopherol, and various sterol 
derivatives and calcium salts exert a similar but less pronounced effect. In 
the absence of the fatty acids, small amounts of the D-vitamins are toxic to 
the test organism. 

A new provitamin D has been announced by Alberti, Camerino & 
Mamoli (1). It is 45,7-norcholestadien-3-8-ol with the formula: 


CH 


3 
CH’CH2°CH9'CHo'CHo'CH3 


HO 


A color reaction with iodine trichloride was found by Green (5) to be 
given by the vitamins D, their provitamins and by lumisterol, tachysterol, 
the suprasterols, vitamin A and #-carotene, but not by cholesterol or the 
sitosterols. Outside the series of vitamin D irradiated sterols, the only sub- 
stances found to react are those containing systems of 3 conjugated double 
bonds. The reaction which is carried out in cold CCl, is due to the instan- 
taneous liberation of iodine, the color of which is observed. Excess reagent 
reabsorbs the iodine as iodine monochloride. 

Another color reaction was described by Pesez (19): vitamin Dy and, to 
a lesser degree, precalciferol, give a rose-violet color with furfural and tri- 
chloroacetic acid. 


Origin of provitamins.—Rosenberg (20) studied the provitamin D in 
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clams feeding mainly on chlorophyll-bearing microorganisms. The sterols 
were isolated both from the eviscerated body and from the viscera, and 
analyzed spectroscopically for provitamins (calculated as ergosterol). The 
sterols from the viscera contained 21.4 per cent of provitamin, those from 
the eviscerated body 7.8 per cent. Identical amounts of provitamin in the 
crude sterol fractions were irradiated and tested for antirachitic activity in 
rats and chicks. Almost the same number of units D (1,300 to 1,500 per gm. 
apparently based on the U.S.P. reference standard) were found for the two 
kinds of provitamin in rat and chick test. These results are interpreted as 
an additional support for the hypothesis that the provitamin D is of endog- 
enous origin; it could not be provitamin De. The results further show that 
the provitamin could not have been pure provitamin D3 since Waddell & 
Kennedy (24) have shown that the U.S.P. reference standard (cod liver oil) 
behaves as if it contains both Dz and D;. Whether the provitamin found in 
the clams is such a mixture or an unknown provitamin could not be decided. 

Absorption of vitamin D through the skin—Hannken (7) compares the 
mode of absorption of the insecticide ‘‘Gammexane” in chickens with the 
mode of absorption of vitamin D formed by sunlight irradiation of preen oil 
spread over the feathers. He concludes: 


In view of the marked taint of eggs caused by the intake of gammexane when feed- 
ing from gammexane-contaminated litter, and the absence of taint when birds were 
dusted with it, it appears that virtually none of this substance was ingested by the 
birds when preening. It does not seem, therefore, that poultry ingest an appreciable 
amount of preen oil, since, in the dusted birds, this would be liberally mixed with 
gammexane. I would therefore suggest that the vitamin D formed in the oil by ir- 
radiation is not taken into the mouth, but is absorbed through the skin or down the 
feather shafts . . . a similar method of vitamin D absorption may occur in mammals, 
where the sebaceous gland ducts form a known path for the entry of fat-soluble sub- 
stances. 


Studies on the strength and elasticity of bone in rats on a rachitogenic 
diet were presented by Weir, Bell & Chambers (25). The relation of acid-base 
equilibrium to rickets and vitamin D (as well as to most of the existing 
vitamins) has been discussed by Lecogq (12). 

Relation to parathyroids—Greep & Fischer (6) examined growth and blood 
concentrations of calcium and phosphorus in intact and parathyroidec- 
tomized rats given purified diets with varying contents of calcium and phos- 
phorus, with and without vitamin D. They observe that vitamin D is not 
essential for growth of intact rats given an adequate calcium-phosphorus in- 
take and it may impair growth in mineral imbalances; given to parathyr- 
oidectomized rats with normal mineral intake, growth was greatly im- 
proved. 

Mellanby (13) studied the rickets-producing and anti-calcifying action 
of phytate in relation to vitamin D in dogs. The anti-calcifying effect of 
phytate is specific in the presence of vitamin D, but in its absence, the anti- 
calcifying action of inorganic phosphate approaches that of phytate. Phytate 
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limits the amount of calcium available for absorption under the influence of 
of vitamin D. Vitamin D in sufficient quantity prevents phytate from pro- 
ducing rickets; it does not alone suppress the anti-calcifying effect of phytate. 
A high phytate diet demands adequate vitamin D and high calcium. Vitamin 
D destroys some phytate, but this action is limited. It promotes calcium 
absorption from the gut and its deposition in bone but more vitamin D may 
be required for perfect bone calcification than for maximum calcium absorp- 
tion. This is especially so when the diet is rich in phytate. Calcium absorp- 
tion and retention may be good and yet calcification of bones may be sub- 
normal. There is some evidence, not fully substantiated, that dietary phytate 
uses up the body reserves of vitamin D more rapidly than does inorganic 
phosphate. 

Vitamin D requirements for poultry have been reviewed by Coates (2) 
and by Hogan (8). The British Standards Institution has introduced stand- 
ards for vitamin D in oil for poultry feeding purposes: Type 200 containing 
at least 200 B.S.I. units and Type 400 containing at least 400 B.S.I. units 
vitamin D, per gm. (3). 

Relation of vitamin D to infection—Young, Underdahl & Carpenter (23) 
reported that mice fed diets containing little or no vitamin D for 28 days 
after weaning showed increased susceptibility to experimental swine influ- 
enza virus infection. 

Sonne (21) has published a comprehensive monograph on calciferol in the 
treatment of lupus vulgaris. 

A supposed antivitamin D.—Mouriquand (16) speculating on the results 
of earlier work (17, 18) believes that cod liver oil contains factors acting as 
antagonists to vitamins C and D, which might be responsible for the scor- 
butic symptoms and osteodystrophy observed at that time in guinea pigs 
fed cold liver oil. It might perhaps be worthwhile to consider whether a hy- 
pervitaminosis A may not have played a role in the development of the 
symptoms. 

Vitamin D and rickets in children during the war years.—Jessop (9) 
studied the relationship of dietary phytate, calcium, and vitamin D to rick- 
ets in children. The study was undertaken because the autumn of 1942 
had brought a considerable increase in rickets among children in Dublin 
after the extraction rate of flour had been raised to 95 to 100 per cent during 
the previous two years and the importation of cod liver oil had been re- 
stricted. Surveys were carried out in Dublin in the spring months of 1943 
to 1948. In the period 1944 to 1945, the incidence of rickets in children from 
1 to 4 years of age was halved, following a reduction in the extraction rate 
of flour from 100 to 85 per cent. In 1946, acid calcium-phosphate was added 
to flour (of 85 per cent extraction) and a further reduction followed. The 
intake of milk and vitamin D were also considered but these were of less 
importance than phytate and calcium. 

A case of resistant rickets was described by Freeman & Dunsky (4). 
It is believed to be due to an inherent metabolic defect which was not cor- 
rected or entirely compensated by large doses of vitamin D. 
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VITAMIN E 

A review of the recent developments in the chemistry and metabolism of 
vitamin E has been published by Ames & Harris (2). The determination of 
vitamin E and the individual tocopherols has been reviewed by Halden & 
Fachini (34) and by Eden & Booth (17a). Rose & Gyérgy (73) have at- 
tempted to use the hemolysis test of red cells in solutions containing dialuric 
acid, as a criterion in the assay with rats. 

Derivatives—Karrer & Diirr (50) have synthesized the following com- 
pounds the acetates of which have been tested for vitamin E activity in the 
single-dose rat fertility test: a monomethoxytocol, a monomethylmethoxyto- 
col, 5,7-dimethyl-8-methoxytocol. Only the last mentioned compound 
was completely protective in 60 mg. doses, 30 mg. being insufficient. Compari- 
son with 5,7-dimethyl-tocol which had been tested previously showed that 
introduction of the methoxy-group at carbon atom 8 lowered the therapeutic 
effect. 

Mackenzie, Rosenkrantz, Ulick & Milhorat (54) tested a-tocopherylqui- 
none and a-tocopherylhydroquinone against creatinuria, paralysis and loss 
of weight caused by vitamin E deficiency in rabbits. Both compounds were 
active, especially when given intravenously. In bioassays based on the dura- 
tion of the drop in creatinuria in dystrophic rabbits, the hydroquinone was 
more active than the quinone. In contrast to a-tocopherol, the hydroquinone 
does not seem to be stored in the body of the rabbit. The preparation of a 
water emulsion of the hydroquinone suitable for intravenous administration 
in animals was described by Rosenkrantz & Milhorat (75). The formation of 
the semiquinone radical by irradiation of a-tocopherol at low temperature 
has been described in further detail by Michaelis & Wollman (57). 

Vitamin E content of foods——Harris, Quaife & Swanson (36) have 
analyzed a large number of common foods in Rochester, N.Y., for their total 
tocopherol and a-tocopherol content. On the basis of their results, they esti- 
mate the average per capita consumption of vitamin E in the U.S.A. as 
14 mg. of d,l-a-tocopherol daily. The richest dietary sources are certain 
of the vegetable oils; cereal products and eggs are next in order of impor- 
tance. Vegetables supply little of the daily intake of vitamin E because of 
their low content of total tocopherols, most of which are usually non-a- 
tocopherols. Animal products are poor sources. 

Utilization, requirement, deposition in tissue, excretion—Dju, Quaife & 
Harris (17) studied the utilization of pure a-, y- and 6-tocopherol supple- 
ments by laying hens maintained on a vitamin E-free diet which caused a 
considerable drop in egg production when no supplements were given. The 
eggs were assayed for total and for y plus a@ tocopherol content, a-tocopherol 
was estimated by difference. There was no evidence of a conversion of the 
other tocopherols to a-tocopherol; a-tocopherol induced the greatest deposi- 
tion in eggs and the highest level of tocopherol in blood; y was one-fourth 
and 6 one-tenth as effective as a in raising the tocopherol content in eggs. 
High supplements of tocopherols resulted in considerable excretion in the 
feces. The minimum requirement of the laying hen was estimated as 1.2 mg. 
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per day of d,l-a-tocopherol. The amount of tocopherol in the depot fat of 
rats and guinea pigs was determined by Chevailler, Burg, Lagoutiére & 
Schneider (9a). 

The vitamin E requirement of guinea pigs has been found by Farmer, 
Mutch, Bell, Woolsey & Crampton (19) to be 6 mg. a-tocopherol every other 
day for primipara. In multipara, the same amount greatly reduces the 
incidence of hemorrhage and abortion. They report that green feed supplies 
a factor (not vitamin E) necessary for complete prevention of hemorrhage 
and abortion in multiparous guinea pigs. 

Bruce (8) found vitamin E deficiency (as manifested by paralysis in 
rats and impaired fertility and lactation in mice) after the introduction of 
2 per cent cod liver oil to a diet containing 85 per cent whole-grain ground 
cereals. Reduction of the cod liver oil content to 1 per cent prevented the 
condition. With 2 per cent cod liver oil in the diet, a-tocopherol acetate 
improved the reproduction in mice, but led to no additional improvement at 
the 1 per cent level. The experiments support the view that the requirement 
of vitamin E for a given species depends, inter alia, on the composition of the 
diet with respect to other constituents. 

Bratzler, Loosli, Krukovsky & Maynard (7) studied the effect of dietary 
levels of tocopherols on their metabolism in swine fed a purified ration. 
Samples of blood, liver, heart, kidney, spleen, muscle and depot fat from 
different sites were analyzed for total and vy plus 6-tocopherols. Iodine and 
thiocyanate values were determined on the depot fat. The tocopherol content 
of the tissue augmented with increasing level of tocopherol ingested, espe- 
cially in liver and body fats. The blood cells contained more tocopherol than 
the plasma. Tocopherol supplementation increased oleic acid at the expense 
of saturated acids in the body fat. 

Tobin (77) implanted pellets of various d,l-a-tocopherol esters and of 
mixed natural tocopherols subcutaneously in male and female mice kept 
on a tocopherol-deficient regime. All the tocopherol preparations maintained 
gestation. Two of the succinate and the palmitate ester preparations pro- 
duced intermittent or continuous vaginal cornification. Local tissue changes 
resembling foreign body reactions were produced by all preparations espe- 
cially by succinate and phosphate, less by palmitate and mixed natural 
tocopherols. 

The postulated evidence of a synthesis of vitamin E by intestinal bac- 
teria [Pindborg (68)] was criticized by Harris (35) since feces from normal 
rats contain tocopherols of dietary origin. Therefore, protection against a 
vitamin E deficiency symptom (incisor depigmentation) afforded by feeding 
such feces to vitamin E deficient-rats cannot be taken as proof for a bac- 
terial origin of fecal tocopherols. Granados, Aaes-Jgrgensen & Dam (30), 
arguing on the same line, further reported that addition of sulfaguanidin to 
a diet with high cod liver oil protected rats against peroxidation and yellow- 
brown coloration of the adipose tissue, but not against depigmentation of the 
incisors. They interpreted the influence on fat peroxidation as an in vivo 
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antioxidant effect of sulfaguanidin and not as the result of the antibacterial 
action. They also observed that feces of normal rats may contain sub- 
stances other than vitamin E capable of counteracting certain vitamin E 
deficiency symptoms. 

Antioxidant effect—In a study on the effect of bixin and carotene on the 
in vitro oxidation of methyl linoleate, Kunkel & Nelson (53) found that bixin 
acts synergistically with a-tocopherol to enhance its antioxidant activity. 
In the photooxidation of the tocopherol-linoleate system, carotene produces 
an increased rate of oxygen uptake during the induction period. 

The protective action of tocopherol against hemolysis of erythrocytes by 
alloxan or dialuric acid, [Rose & Gyérgy (73, 74)] can be considered an in 
vitro as well as an in vivo antioxidant effect. The same applies to several of 
the actions of vitamin E which involve protection against abnormal oxida- 
tions of fat. Chevailler, Burg, Schneider & Wagner (9) studied the autoxida- 
tion of fat from rats during fasting. The longer the rats had been fasted the 
longer was the induction period in the autoxidation of the rendered fat, in 
spite of the fact that the concentration of the unsaturated fatty acids in the 
fat increased during fasting. The tocopherol concentration in the fat also 
increased. The total amount of tocopherol in the body of the rat, as well as 
the total amount of highly unsaturated fatty acids, such as tetraenic, seemed 
to remain almost constant during fasting while the total fat decreased. 

Hervé & Bacq (40) found that a-tocopherol (as well as thiocyanate) di- 
minished the mortality from irradiation with x-rays under certain circum- 
stances. They suggested that this was related to the inhibition of peroxide 
formation in lipids. 

The effect of abnormal oxidations in the body preventable by vitamin E 
as antioxidant are generally of two kinds, viz: (a) the formation of abnormal 
oxidation products, and (b) the disappearance of normal metabolites; these 
two processes may be linked together, those of the latter category being 
caused by those of the former. The processes may be influenced by other 
features of the diet, such as its content of protein, mineral constituent, etc. 
It is likely that many manifestations of vitamin E deficiency are caused by 
processes of these kinds, although complete proof is often lacking and 
difficult to provide. It might even be that all manifestations of vitamin E 
deficiency are due, directly or indirectly, to the lack of an antioxidant which 
protects certain metabolites from being destroyed, or to the existence of an 
unphysiological redox potential in certain cellular structures. Abnormal 
oxidation products of highly unsaturated fatty acids are particularly easy 
to demonstrate in cases where the diet contains a considerable amount of 
fish liver oil. A new sensitive method for the determination of peroxides in 
fats has been worked out by Hartmann & Glavind (37). The method is 
based on the oxidation of leuco-2,6-dichlorophenolindophenol by perox- 
ides to the colored form. Glavind, Granados, Hartmann & Dam (25) 
adapted this method for use on frozen sections of tissue, using hemin as a 
catalyst. With this method, Granados & Dam (32) studied the histochemical 
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relationship between peroxidation and the yellow-brown pigment develop- 
ing in the adipose tissue of rats reared on vitamin E-deficient high cod liver 
oil diets. They concluded that the yellow-brown pigment occurring in 
granules in the fat cells represents products formed, at least partly, by oxi- 
dation of the highly unsaturated fatty acids, beyond the peroxide stage, while 
the yellow, fat-soluble fraction of the pigment which is distributed evenly 
throughout the content of the cell contains peroxides, supposed to be pre- 
cursors in the development of the yellow-brown granular fraction. The 
peroxidation of the depot fat is sometimes associated with depigmentation 
of the rat incisors. These two phenomena are therefore usually studied 
together (cod liver oil produces both symptoms, lard only the latter of 
them). Granados, Aaes-Jgrgensen & Dam (28, 29) found that, within certain 
limits (25 per cent to 10 per cent casein), the peroxidation and coloration of 
the adipose tissue was decreased by lowering the level of dietary protein while 
the depigmentation of the incisors was not. High protein (40 per cent casein) 
again decreased the changes in the adipose tissue. With low protein (10 per 
cent casein) a moderate degree of enamel depigmentation could be obtained 
with diets without fat; in this case, 0.01 per cent a-tocopherol acetate did 
not completely prevent the depigmentation. Manganese protected partly 
against enamel depigmentation but not against coloration of the fat. With 
low protein and high cod liver oil, lung hemorrhage and gross liver damage, 
previously reported by Hove, Copeland & Salmon (42), were observed. The 
latter authors (41) found that lung hemorrhage and liver necrosis could 
be produced by vitamin E-free diets containing 16 per cent oxidized casein 
plus tryptophan and methionine instead of 10 per cent casein. As shown in 
the reviewer’s laboratory, highly unsaturated fatty acids, such as those in 
cod liver oil, are also necessary for the development of lung hemorrhage. 

Pindborg (69), using a vitamin E deficient diet with an unspecified salt 
mixture and 3 per cent ground nut oil, reported incisor depigmentation and 
certain histopathological changes in the enamel organ of rats. He found 
premature atrophy of the stratum papillare, marked edemas, and cyst 
formations. Rats treated with tocopherol did not exhibit these changes. 
Pindborg’s description of the gross depigmentation and the histopathological 
changes of the enamel organ resemble changes which are due to the action of 
other substances rather than to vitamin E deficiency [cf. Granados & 
Dam (31), Moore (60)]. What is described as edema may as well be in- 
terpreted as a technical artifact. Furthermore, Pindborg assumes that 
factors other than dietary fat have been responsible for the dental changes, 
since his diet contained only 3 per cent ground nut oil. If it is assumed that 
the changes have been due to vitamin E deficiency, the author has overlooked 
the fact that ground nut (peanut) oil is rich in linoleic acid. 

Dam, Granados & Maltesen (13) studied the distribution of iron, manga- 
nese, magnesium, calcium, and phosphorus in the enamel and dentin of rat 
incisors deprived of pigment due to the feeding of vitamin E-deficient diets 
with high cod liver oil and low protein. Comparison with the normally colored 
incisors from rats fed the same diet plus tocopherol acetate showed that 
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iron was greatly diminished in both enamel and dentin, while manganese 
was increased markedly in both tissues. Magnesium was slightly increased 
in enamel but decreased in dentin. Calcium and phosphorus were unchanged. 
The authors suggest the importance of studying possible mineral changes in 
bone and cartilage in vitamin E deficiency. Dam, Kruse, Prange & Sgnder- 
gaard (15) and Dam (11) found that the action of vitamin E against exudative 
diathesis, encephalomalacia, and diminished growth rate in chicks fed diets 
with highly unsaturated fatty acids could be imitated more or less by cer- 
tain other redox substances such as methylene blue, thionine, thiodiphenyl- 
amine, nordihydroguaiaretic acid, and ascorbic acid. Zacharias, Goldhaber & 
Kinsey (80) also found that a vitamin mixture containing ascorbic acid 
gave protection against encephalomalacia. 

An explanation of the capillary damage in exudative diathesis and en- 
cephalomalacia taking the possible direct influence of vitamin E on surface 
tension into consideration was suggested by Kodicek (52). Tetraethyl- 
thiuramdisulfide (antabuse) and, to a lesser degree, sulfaguanidin gave a 
partial protection against the exudative diathesis. Based on the findings, 
Granados, Aaes-J¢rgensen & Dam (27) found that antabuse and manganese 
counteracted the changes in adipose tissue and enamel pigmentation pro- 
duced in rats by vitamin E-deficient high cod liver oil diets. Dam & Gra- 
nodos (12) found that methylene blue gave considerable protection against 
the same changes. However, in rats these various substances, with the excep- 
tion of manganese, do not stimulate growth rate, as they do in chicks, 
probably because the vascular symptoms do not occur in rats fed the diets 
which produce exudates in chicks. 

Dam, Prange & Séndergaard (16) found that the increase in liver storage 
of vitamin A caused by feeding vitamin E to chicks receiving a diet with 
cod liver oil could also be obtained by feeding methylene blue instead of 
vitamin E. The influence of vitamin E on vitamin A utilization was also 
studied by Miles, Erickson & Mattill (58). They compared the effects of 
a-tocopherol and its acetate on the rate of weight gain in bioassays of vitamin 
A: tocopherol but not the acetate increased the rate of gain in the assay 
period. There was an optimum dosage of a-tocopherol: 1.5 mg. per day gave 
less increase of growth rate than 0.5 mg. The results were interpreted as 
confirming the antioxygenic behavior of a-tocopherol. Other observations 
on the vitamin A-sparing effect of vitamin E are mentioned under the section 
on vitamin A. A symptom which may be considered with the foregoing is 
the development of stomach ulcers in rats. Hove & Harris (43) have found 
that such ulcers are produced by starvation or semi-starvation or by feeding 
vitamin E-deficient low protein diets containing lard. The authors suggest 
that the protective effect of vitamin E on this symptom may be due to reduc- 
tion of the amount of local irritants produced by oxidation of the fat. Tobin 
(77a) produced increased incidence of myopathy and paralysis in mice by 
raising the level of cod liver oil in tocopherol-deficient diets from 2 to 10 or 
20 per cent. 

The influence of vitamin A and rachitogenic diets on changes in fat and 
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dental enamel of vitamin E deficient rats receiving 20 per cent linseed oil 
was studied by Aaes-Jgrgensen, Granados & Dam (1). They found that 
high supplements of vitamin A increased fat peroxidation, a rachitogenic 
high calcium diet also increased fat peroxidation but protected appreciably 
against incisor depigmentation, a rachitogenic high phosphorus diet increased 
fat peroxidation without influencing incisor depigmentation. 

An interesting syndrome frequently observed in mink fed a diet of fish 
scrap consists of a non-suppurative inflammation of the depot fat, which 
becomes yellow, and subcutaneous edema. It has been described for instance 
by Hartsough & Gorham (38). It seems to bear resemblance to the exuda- 
tive diathesis in chicks and the yellow-brown coloration of depot fat of 
chicks and rats fed vitamin E free diets with cod liver oil. Future investi- 
gations should be aimed at finding whether or not it can be prevented by 
vitamin E, 

The role of vitamin E in liver degeneration.—Gyorgy, Rose, Tomarelli & 
Goldblatt (33) found regular occurrence of massive hepatic necrosis in rats 
fed a semi-synthetic ration with a British brand of baker’s yeast as the sole 
source of protein, whereas the necrogenic quality of the diet disappeared 
when an American brand of brewer’s yeast was used. Supplements of cystine 
or of vitamin E prevented the symptom. The authors discuss the possibility 
that the so-called dietary hepatic necrosis is due more to some unidentified 
“toxic” factors than to pure deficiency. Tocopherol and cystine would then 
act as ‘detoxifying’ agents. Matet, Matet & Fridenson (55) studied the in- 
fluence of tocopherol and methionine on hepatic necrosis in rats caused by 
feeding raw soybean meal defatted with ether as the source of protein. 
Methionine gave better protection than tocopherol. They suggest that 
methionine acts specifically while tocopherol exerts a non-specific regulatory 
function possibly by promoting respiratory exchanges of the red blood cells in 
liver. Goettsch (26) produced massive hepatic necrosis in rats with diets 
low in casein and deficient in vitamin E. Death with massive necrosis 
occurred within 10 to 40 days. Methionine or cystine (0.3 per cent) caused 
survival and improvement of growth despite muscular dystrophy and steril- 
ity. Two mg. a-tocopherol per week enabled the rats to survive and to re- 
produce, but growth was poor and few of the young survived lactation. 
Lindan & Himsworth (53a) have found that the composition of the diet taken 
by rats before they are given a low tocopherol, low sulphur-amino acid diet 
influences greatly the onset of massive hepatic necrosis. Thus, the protective 
effect of tocopherol and cystine lasts for some time after the period during 
which they are given. Older rats were found to be less liable to develop 
massive hepatic necrosis than younger. This should be kept in mind when 
varying results of different workers are compared. 

Sellers, You & Lucas (75a) found that the protective effect of methionine 
against liver damage produced by feeding sodium selenate was only de- 
monstrable when tocopherol was present. 

Muscular dystrophy in animals, relation of vitamin E to tissue metabolism 





i i 


"= © 


ne 
le- 


sm 





FAT-SOLUBLE VITAMINS 283 


and enzymes.—Roderuck (72) analyzed certain components of skeletal 
muscle during vitamin E deficiency in hamsters, rabbits, and guinea pigs. 
Biotin was unchanged. Muscles from hamsters that had not yet developed 
dystrophy showed an increased oxygen uptake. Glutamine content of mus- 
cles from dystrophic guinea pigs was lowered. Jacobi, Rosenblatt, Wilder & 
Morgulis (47) found the activities of the following enzymes unchanged in 
muscles from dystrophic rabbits: Malic dehydrogenase, cytochrome oxidase, 
succinic dehydrogenase, lactic dehydrogenase, fumarase, and adenosine- 
triphosphatase. In the liver, uricase and adenosinetriphosphatase activities 
were unaltered. Jacobi, Chappell & Morgulis (45) studied the influence of 
a-tocopheryl phosphate on several enzyme systems in vitro. They infer from 
their results that the marked inhibition of succinoxidase system by 107! W 
tocopheryl phosphate cannot be attributed to a non-specific detergent 
action. Since a-tocopheryl phosphate in this concentration has little or no 
effect on succinic dehydrogenase, cytochrome-c, or cytochrome oxidase, it 
is concluded that a-tocophery! phosphate inhibits by an action on some uni- 
dentified mediator which possibly operates between cytochrome-b and cyto- 
chrome-c [Jacobi, Rosenblatt, Chappell & Morgulis (46)]. At higher concentra- 
tions (10-* M) tocopheryl phosphate inhibits succinic dehydrogenase and 
cytochrome-c. Very low concentrations (about 10~> M) stimulate the suc- 
cinoxidase system. Barber, Basinski & Mattill (4) found that the aspartic- 
glutamic transaminase activity of skeletal muscle homogenates from dys- 
trophic E-deficient guinea pigs and rabbits was 2/3 that in muscle homogen- 
ates from normal control animals. Activity was not restored by addition of 
the coenzyme, pyridoxal phosphate. Kalsbeek & van der Meer (49) found 
that liver esterase activity in vitamin E deficient rats was 64 per cent of the 
activity in nondeficient animals. Cormier (10) found inhibition of alkaline 
phosphatase in tissues of rabbits fed cod liver oil. 

Kay & Balla (51) found that the activity of thromboplastin is lowered by 
incubation with mono-sodium a-tocopherol phosphate or inositol phosphate. 
The activity was measured by the production of intravascular coagulation 
on injection in mice. The authors suggest alterations in surface tension as 
an explanation of the observed effect. 

Relation of vitamin E to hormones.—Wheeler & Perkinson (79) studied the 
influence of hyper- and hypothyroidism on the mortality in chicks receiving 
an encephalomalacia-producing diet. Hyperthyroidism increased, whereas 
hypothyroidism decreased the mortality. The authors suggest that sup- 
plementary vitamin E may be indicated in natural or induced hyperthyroid- 
ism, or in cases of thyroid therapy. 

P’an, van Dyke, Kaunitz & Slanetz (64) studied the effect of vitamin E 
deficiency on the amount of gonadotropin in the anterior pituitary of 
rats and found the gonadotropin content elevated in older vitamin E- 
deficient male and female rats. They discuss the relationship of this finding 
to the changes in the gonads in vitamin E deficiency. 

Relation of vitamin E to fertility—Ingelman-Sundberg (44) studied abrup- 
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tio placentae in relation to abortion in guinea pigs reared on a vitamin E 
deficient diet containing 6 per cent lard. The animals required supplements 
of 1.60 mg. a-tocopherol daily for normal pregnancy. With less than 0.4 mg. 
per day abortion occurred on the 20th to 30th day of pregnancy due to ne- 
crosis and premature separation of the placenta. The separation of the 
placenta was caused by changes in the maternal vessels of the placenta, 
and there was infarction of the placental tissue and hemorrhages. These 
changes were often followed by the deposition of large birefringent yellow 
crystals consisting of a metabolic type of pigment. All the changes were 
prevented by sufficient vitamin E. Oliveira (61) described lesions of the 
ovaries affecting their hormogonadal functions in vitamin E-deficient rats. 
Suomalainen (76) discusses the way in which the embryo obtains its nourish- 
ment: the osmotic transfer of nutrients from the maternal blood system 
to that of the embryo is called the hemotrophical nutrition as distinguished 
from the histotrophical nutrition, by which nutriment is transferred, after 
breakdown by certain embryonic organs, to the metabolism of the embryo 
by the secreting activity of the mucous membrane of the uterus. Histo- 
trophic nutrition is dependent on the function of the corpus luteum. These 
matters have previously been studied by Pesonen (66, 67). Suomalainen 
finds interference in the histotrophic nutrition in vitamin E-deficient preg- 
nant mice, whereas the changes in the placenta do not appear so great as to 
prevent hemotrophic feeding and so cause discontinuance of pregnancy. 
Cormier (10) confirms the development of lesions in the genital organs and 
the adrenals when rabbits are fed cod liver oil over a longer period of time. 

The interrelationship of vitamin E and A in relation to histological 
lesions of the genital organs in rabbits has been studied by Chevrel-Bodin & 
Cormier and quoted under vitamin A. 

Elfving (18a) reports that increased dosage of a-tocopherol acetate (2.6 
mg. daily against 0.26 mg. in the control group) greatly supports recovery 
from heat-induced sterility in male rats. 

The role of fat in the reproduction of vitamin E-deficient rats has re- 
ceived attention from Dam, Granados & Prange (14). They compared the 
reproduction performance of rats on diets with and without a-tocopherol 
acetate (0.02 per cent) and with and without lard and cod liver oil (20 per 
cent of the diet). The reproduction performance was very poor when fat was 
excluded from the diet, also when vitamin E was present. The best reproduc- 
tion performance was obtained with lard and vitamin E, followed by cod 
liver oil and vitamin E. Without vitamin E, the two fats, especially lard, 
seemed to improve the very poor reproduction. In these cases fats did not 
aggravate the symptom (resorption gestation, stillborn young, or early death 
of young) such as is the case in many other manifestations of vitamin E defi- 
ciency. The results rather point to the role of constituents in fats and their 
stabilization by tocopherol as a factor in maintaining normal gestation. 

Fliickiger & Fliick (21) have found that the water-soluble vitamin E 
derivative, d,l-a-tocopheryl phosphate, increases the length of life of 
Daphnia longispina O.F.M. without influencing propagation. 
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Relation of vitamin E to infection —Elberg & Gale (18) report that injec- 
tion of a-tocopherol intraperitoneally 48 hr. before injecting a lethal mixture 
of gastric mucin and Salmonella typhi protects the animals. They suggest 
that tocopherol by its action on capillary permeability prevents the spread 
of the infection. 

Antagonism.— Meunier & Chenavier (56) consider o-cresyl-succinate as a 
synthetic antivitamin E, because of the observation that tocopherol acts 
as an antidote against this poison in rabbits. 

Hypervitaminosis E.—Bodenheimer & Lasch (6) claim that relatively 
small daily doses of a-tocopherol (30 ug.) cause irreversible changes in the 
ovaries of female Levante voles (Microtus guntheri D.A.). They suggest that 
the dose given in human medicine over longer periods be revised. The bene- 
ficial effect of tocopherol in connection with protein-deficient diets was 
studied (with rats) by Sés, Véghelyi & Kemény (75b). It seems, further, 
from their preliminary experiments, that hyperproteinaemia can be pro- 
duced by regular administration of high doses of tocopherol. 

Vitamin E in dairy cattle and horses.—Decrease of the tocopherol level 
in the blood of dairy cows and decrease of the fat content of their milk as a 
consequence of feeding cod liver oil was reported by Ferrando, Chenavier & 
Cormier (20). 

Parrish, Wise, Latschar & Hughes (65) studied the effect of the prepartal 
diet of the cow on the transfer of tocopherols to the calf. Serum tocopherol 
values of newborn calves increased three to nine-fold following the ingestion 
of colostrum, the highest levels being found in calves whose dams received 
large amounts of tocopherol as supplement to their barn ration during the 
terminal stages of gestation. Van der Kaay, Teunissen, Emmerie & van 
Eekelen (48) studied tocopherol serum level of cows and horses in relation 
to reproduction. In normal cows, the tocopherol level was about 80 yg. per 
10 ml. of serum in grass feeding (summer), and 10 to 20 ug. in winter. The 
serum tocopherol content was normal in cows aborting from Brucella infec- 
tion, and in sterile, nymphomaniac, and anaphroditic cows. In horses, the 
serum tocopherol was more constant and independent of summer or winter 
feeding than in cows. In sterile horses, the value was unchanged. 

Vitamin E in the human.—Ulick & Milhorat (78) continued their studies 
on the nature of a factor in hog stomach extracts that reduced the creatinuria 
of a patient with progressive muscular dystrophy. None of the four naturally- 
occurring tocopherols affected the creatinuria of this patient although they 
abolished creatinuria in animals with experimental muscular dystrophy. 

Owens & Owens (62, 63) have used a-tocopheryl acetate (50 mg. every 8 
hr.) prophylactically against retrolental fibroplasia in premature infants 
with birth weights of 1.360 kg. or less. Twenty-three received supplements of 
a-tocophery] acetate; one of them developed retrolental fibroplasia. Seventy- 
eight of the infants did not receive the supplement and 17 of them developed 
the disease. Students of this subject will be interested in the discussion of the 
pathogenesis and classification of retrolental fibroplasia as a syndrome, 
presented by Heath (39). 
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Bensley, Fowler, Creaghan, Moore & McDonald (5) determined plasma 
tocopherol in 63 cases of diabetes mellitus. The mean value was normal, but 
values exceeding the maximum normal level were found in 7 of 270 tests. 
The plasma tocopherol values seemed to be related to plasma cholesterol. 
Pollack, Osserman, Bookman, Ellenberger & Herzstein (70) administered 
vitamin E, natural and synthetic, to diabetics, in amounts of 400 mg. daily 
without any beneficial effect on insulin requirement of glycosuria. Ant & 
Appleton (3) estimated tocopherols in plasma in nondeficient patients and 
patients with a clinical diagnosis of fibrositis due to deficiency in vitamin E. 
The values in these patients were somewhat lower than the values in the 
nondeficient patients. Vitamin E therapy resulted in rise in plasma tocopherol 
coinciding with an improvement of the condition. Improvement in cases 
of intermittent claudication has been reported by Ratcliffe (71). 

Gerléczy (22, 23, 24) has found vitamin E therapy effective as a prophy- 
lactic as well as a curative measure against scleredema in premature newborn. 
According to Gerléczy, scleredema frequently seen in Hungary in later years 
has some resemblance with the exudative diathesis in chicks, and yields to 
the same treatment. 

The role of vitamin E in capillary resistance and meningeal hemorrhages 
in the premature newborn has been studied by Minkowski (59). 


VITAMIN K 


A comprehensive monograph on the chemistry, physiology, and medical 
application of vitamin K has appeared (5). The determination of vitamin K 
by the curative technique in chicks has been improved and simplified by 
Dam, Kruse & Sdéndergaard (9a). One single dose of the test substance is 
given and the effect on the prothrombin time is examined 20 to 22 hr. later. 
Menadione in oil serves as the standard substance. The prothrombin time 
is determined on citrate blood from the carotid artery, using thromboplastin, 
of suitable dilution, from brains of vitamin K-deficient chicks. A polaro- 
graphic determination of 2-methyl-1,4-naphthoquinone in animal feeds forti- 
fied with this substance has been developed by Onrust & Wéstmann (35b). 
A colorimetric method for the same purpose based on the reaction with 
2,4-dinitrophenylhydrazine was described by van Koetsveld (24a). 

Chemistry—Methods for the conversion of common carbohydrates to 
menadione or derivatives thereof were described by Sah (40). The route 
is: via furfural or levulinic acid to succinic anhydride—p-toluyl-propionic 
acid—>p-tolyl-n-butyric acid—7-methy]-l-tetralone—2-methyl-5,6,7,8-tetra- 
hydronaphthalene—2-methyl-naphthalene—menadione. The same paper 
also describes methods for labeling menadione with radioactive carbon in 
various positions. 

Chang, Oneto & Sah (6) have given details of the conversion of the 
semicarbazone and 2,4-dinitrophenylhydrazone of menadione to 2-methyl-4- 
amino-l-naphthol hydrochloride, ‘‘Ks.’’ Sah & Daniels (42) described a 
synthesis of 2-methyl-4-amino-/-naphthol hydrochloride, ‘‘Ks,”’ from the 





——_— — —<_ 


‘in, 


rti- 
yb). 
ith 


; to 
ute 
nic 
tra- 
uper 
n in 





FAT-SOLUBLE VITAMINS 287 


azo dye, 2-methyl homologue of orange I. The synthesis starts with 2- 
methyl-naphthalene and involves the following reactions: nitration, amina- 
tion, hydroxylation, formation of azo dye, and reduction of the latter. 

Sah, Subbaraju & Daniels (43) synthesized 2-methyl-1,4-diamino- 
naphthalene dihydrochloride, “‘Ks,’’ by reduction of the azo dye produced 
by coupling 3-methyl-/-naphthylamine with diazotized sulfanilic acid; an 
alternative method was reduction of the azo dye produced by coupling 3- 
methyl-/-naphthylamine with diazotized 2-methyl-4-nitro-/-naphthylamine. 

Sah (41) synthesized 3-methyl-4-amino-1-naphthol hydrochloride, ‘‘K7,”’ 
by a method analogous to that of Sah & Daniels (42), the modification 
being that 3-methyl-1-naphthol was used instead of 2-methyl-1-naphthol to 
couple with diazotized sulfanilic acid. 

Schénberg, Moubasher & Said (47) studied the action of vitamin K, 
on a@-amino acids. Vitamin K; behaves as other substances containing the 
grouping - CO(—CH==CH—),CO- , where n=0 or an integer. Such substances 
react with a-amino acids to give corresponding aldehydes with one less 
carbon atom by Strecker degradation. By heating of vitamin K; with pheny]l- 
aminoacetic acid at 38°C. for 48 hr., in a closed vessel filled with carbon 
dioxide, the Strecker reaction took place with the production of benzalde- 
hyde. The authors suggest that the reaction may be of physiological signifi- 
cance. 

Absorption from the intestine—Using the operative technique of Bollman, 
Cain & Grindlay (3) for the collection of lymph from the liver, small intestine 
or thoracic duct of the rat, Mann, Mann & Bollman (29) and with van Hook 
(30) showed that vitamin K deficiency can be produced rapidly by external 
drainage of the intestinal lymph. This observation indicates that the 
natural fat-soluble K vitamins are transported by route of the lymph from 
the intestine into the circulation. 

Relation to the blood coagulation mechanism.—The same authors (29, 30) 
found severe hypoprothrombinemia in rats 24 to 48 hr. after the drainage of 
the intestinal lymph had begun, indicating that there were practically no 
deposits of vitamin K in the body of the rats reared on a normal ration, and 
that prothrombin (and, possibly, other blood-clotting factors, depending on 
the supply of vitamin K) are metabolized fairly rapidly. This latter conclu- 
sion agrees with the findings of Ingle, Nezamis & Prestrud (22) who studied 
prothrombin time of the blood of eviscerate rats and found that it lengthened 
gradually so that the blood failed to clot by 42 hr. The result was the same 
whether vitamin K (2-methyl-/, 4-naphthohydroquinone diphosphoric ester 
tetra sodium salt) was given or not, together with continuous intravenous 
infusion of glucose and insulin. 

Other studies on the rate of disappearance of prothrombin from the 
circulation were made by Stefanini & Pisciotta (54). They found that 
prothrombin injected into dicumarolized rats is promptly utilized or metab- 
olized in the body, most of it disappearing from the circulation in the first 
24 hr. These observations are in agreement with older findings regarding the 
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“life time” of prothrombin in vivo [e.g. (32)]. A method for determining the 
prothrombin time with 5 c.mm. blood, useful for work with mice, was de- 
scribed by Goldfeder, Bloom & Weiner (18). 

Felix, Pend! & Roka (14) studied the interrelationship between pro- 
thrombin and complement mid piece, a subject which is obviously of interest 
in connection with vitamin K. They could not separate the two substances 
by adsorption procedures, but made the observation that the complement 
titer of dicumarol plasma was unchanged in spite of the fact that prothrombin 
was reduced. One might be inclined to consider this as proof for the non- 
identity of prothrombin and complement. However, the authors state that 
a final decision cannot be reached before the two substances have been iso- 
lated in pure form. This work should be compared with that of earlier 
investigators (4, 48), who sought a possible relationship between complement 
and vitamin K. 

From experiments in which plasma of vitamin K-deficient chicks was 
mixed in varying proportions with plasma from dicumarol-poisoned chicks, 
Dam & Sgndergaard (10) concluded that in addition to the lack of prothrom- 
bin common to the two kinds of plasma, vitamin K-deficient plasma is 
lacking in another component and dicumarol plasma in a third. The factor 
lacking in vitamin K-deficient plasma has been concentrated from plasma 
of dicumarolized chicks and called the delta factor [Sé¢rbye, Kruse & Dam 
(56)]. It is completely adsorbed when such plasma is treated with 1 per cent 
of its weight of BaCOs and can be eluted with sodium citrate. Small amounts 
will shorten the ‘prothrombin time” of vitamin K-deficient plasma up to a 
certain limit, but are without effect on the “prothrombin time” of dicumarol 
plasma, normal plasma, stored or fresh. The formation of the delta factor 
must be dependent on the supply of vitamin K. The third factor was con- 
centrated from plasma of vitamin K-deficient chicks and called the kappa 
factor [Sérbye, Kruse & Dam (55)]. It is completely adsorbed when vitamin 
K-deficient plasma is treated with 1 per cent of its weight of BaCO; and can 
be eluted with citrate. Small amounts of it will reduce the “prothrombin 
time” of dicumarol plasma but are without effect on vitamin K deficient 
plasma or normal plasma, fresh or stored (except when the latter is supple- 
mented with the most labile factor corresponding to Owren’s factor V). The 
delta and the kappa factors are different from Owren’s factor V, but the pos- 
sibility exists that the kappa factor may be identical with a precursor (in 
plasma) of the serum prothrombin conversion accelerator (SPCA) of de 
Vries, Alexander & Goldstein (57). 

Comparing the coagulation defects of vitamin K deficiency and dicu- 
marol poisoning (both in rats), Mann, Mann & Bollman (29) found that 
dicumarol decreased co-thromboplastin activity much more than prothrom- 
bin, while vitamin K deficiency produced a greater decrease in prothrombin 
than in co-thromboplastin. Felix, Pendl, Pin & Roka (13) found that dicu- 
marol lowers the prothrombin and the Ac-globulin level, the decrease of the 
latter being the more rapid. 
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It is possible that these observations are to be interpreted in that way that 
the co-thromboplastin activity (29) includes the activity of several factors 
among which may be factor VI and activated kappa-factor (=SPCA?), 
whereas the Ac-globulin activity (13) may include both Ac-globulin (factor 
V) and kappa-factor activity. In spite of the real or apparent differences in 
the above findings, there is agreement on the point that the effects of dicu- 
marol poisoning and vitamin K deficiency are not simply explained by a 
competitive antagonism between the two substances resulting in lowered 
prothrombin. It appears that vitamin K given during or at the end of a treat- 
ment with dicumarol results in a more rapid return of the “prothrombin 
time”’ to normal values (13, 27, 29, 53). The superiority of vitamin K, over 
water-soluble vitamin K preparations in counteracting the effect of di- 
cumarol (rats, dogs, and human patients) was reported by Miller, Harvey & 
Finch (33a). 

Spinks & Jaques (53) and Lee, Trevoy, Spinks & Jaques (27) studied the 
fate of dicumarol labeled with C' in the methylene bridge, when the sub- 
stance was administered intravenously to mice and rabbits. The activity 
disappeared rapidly from the blood and was recovered in liver, bile, intestinal 
contents and later in the urine. About 10 per cent of the activity became 
fixed in the liver. By the isotope dilution technique, this activity was shown 
to be due to unchanged dicumarol. The authors suggest that the period of 
time that dicumarol remains in the liver is related to the effectiveness of the 
agent in interfering with the formation of prothrombin. When vitamin K was 
given, dicumarol disappeared from the liver more quickly. Dicumarol was 
not excreted by the kidney but its metabolic products were. 

The structural configuration necessary for ‘‘antivitamin K activity” was 
discussed by Smith (51). In previous reports (50, 52) Smith and co-workers 
had shown that 3-hydroxy-1,4-naphthoquinone derivatives substituted in 
the 2-position with a hydrocarbon chain of 6 or more carbon atoms induced 
a hemorrhagic syndrome in rats preventable by the administration of mena- 
dione or vitamin Kj, the latter being more active in this respect than 
menadione. Mentzer (33) postulated that the configuration—OC-: (R)C 
==C(OH)-—must be present in naphthoquinone, hydroxycoumarine, and 
indandione derivatives in order to obtain antivitamin K activity. Smith (51) 
has now found that three phthiocol derivatives containing a side chain with 
a basic nitrogen did not possess antivitamin K activity. It is therefore neces- 
sary to specify the nature of the substituent R attached to the 2-position. 
The side chains which did not induce antivitamin K activity were: piperi- 
dinomethyl, -butylaminomethyl, and n-decylaminomethy]l. 

Field, Spero & Link (15) studied the hypoprothrombinemia induced in 
dogs by salicylic acid. In massive doses, salicylic acid and acetyl salicylic 
acid had no effect on the prothrombin time of normal dogs receiving a natural 
ration or of dogs maintained for long periods on a synthetic diet low in vita- 
min K. Large doses of acetylsalicylic acid increased and prolonged a state 
of hypoprothrombinemia already induced with dicumarol. Hypoprothrom- 
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binemia was induced in newborn pups by acetylsalicylic acid during the 
first week of life. 

Vitamin K in the human.—Randall & Randall (39) reported that the 
prolonged prothrombin times in the plasmas of newborn infants, studied 
with the one-stage technique, cannot be adequately explained as a simple 
deficiency of prothrombin. There is also a deficiency in a factor accelerating 
the conversion of prothrombin to thrombin. This deficiency is remedied 
(in vitro) by the addition of small amounts of normal plasma, stored plasma, 
or serum. 

Sanford, Kostalik & Blackmore (44) claimed that the administration of 
vitamin K to premature infants in an endeavor to decrease hemorrhagic 
manifestations is without clinical basis. A close consideration of the details 
reported by these authors raises serious doubt as to the comparability of the 
material in their untreated and vitamin K-treated groups, the latter con- 
sisting of 17 sick infants taken to hospital and who had not been properly 
cared for, while the former consisted of 83 infants born in the hospital. In 
fact, more deaths occurred among the treated than among the untreated 
babies, and the deaths among the former were not always proved to be due 
to their hemorrhagic condition. Also, the finding of several cases with com- 
plete absence of clotting among the limited material contrasts with the find- 
ings of other authors who have examined a much larger number of infants. 
It does not seem to be mentioned in what form vitamin K was used. 

The paper of Sanford et al. (44) recalls the discussion in the Journal of 
the American Medical Association in 1942, when an article (45) of a some- 
what similar content immediately resulted in critical replies by Quick (38), 
Kugelmaas (26), and Waddell (58). In the present case (44), it is further 
mentioned that capillary fragility is an important factor in the premature 
infant. As noted by other investigators, e.g., Minkowski (34) this may be 
true, not only for prematures but for newborn in general. 

Dyggve (11) reported on the value of administration of synthetic vitamin 
K (tetra sodium salt of 2-methyl-1,4-naphthohydroquinone diphosphate, 
“‘Synkavit,”” Roche) before labor. Ten thousand mothers were given 1 ml. 
(10 mg.) of the substance intramuscularly at the onset of labor, while 
10,000 served as controls. The incidence of melaena or hematemesis or both 
were: 4 cases in the treated group against 21 in the untreated. Dyggve 
believes that vitamin K should be given routinely to every mother not 
more than 12 and not less than 4 hr. before delivery. If this is impossible, 
a similar dose should be given to the infant immediately after birth. 

Kerpel-Fronius, Varga & Pal (23) studied the seasonal variations in the 
hemorrhagic tendency in the newborn. The study comprised 10,000 newborn 
over a period of five years. Melaena, cerebral hemorrhage, cephal-hematoma, 
and conjunctival petechiae were most frequent during winter and spring. 
Tests of capillary fragility carried out on 233 healthy children also showed an 
increased incidence of fragility in winter and spring. While there is general 
agreement on the existence of similar seasonal variations in the hemorrhagic 
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tendency, some investigators fail to find a seasonal variation in the pro- 
thrombin times of newborn (37, 59). 

Miscellaneous effects —Dos Anjos (1) has described the use of vitamin K 
in the treatment of whooping cough. Infantellina (21) determined glycogen 
in various tissues in guinea pigs with or without parenteral injection of 
large doses of vitamin K through 35 days. A considerable decrease in liver 
glycogen was reported. 

Granados, Glavind & Dam (19) and Granados, Snog-Kjer, Glavind & 
Dam (20) studied, in hamsters, the effect of different quinone derivatives 
with varying ability to inhibit acid formation in vitro and varying vitamin K 
activity, none of the compounds exerted any beneficial effect against 
caries activity. 

Gellhorn & Gagliano (17) studied the effect of tetrasodium salt of 2- 
methyl-1,4-naphthohydroquinone diphosphate on a variety of malignant 
tumors in experimental animals. No inhibitory action on the tumors was 
found. These results are at variance with those of Mitchell (35). An in- 
hibitory effect of vitamin K on the hemolysis of rabbit erythrocytes by 
staphylococcal toxin was reported by Mulé & Sedati (35a). 

Schlechter (46) reported that the life span of the fresh water cladoceran, 
Daphnia magna, is shortened in the presence of menadione in the medium, 
and lengthened with heparin. He points to a possible relationship to proto- 
plasmic coagulation phenomena. It must be remembered, however, that 
menadione and other quinones have been shown to exert nonspecific anti- 
biotic effects (2). 

Foote, Little & Sproston (16) found that certain hydroxyl-free naphtho- 
quinones inhibit spore germination of fungi and inhibit carboxylase; the 
action is not specific for vitamin K-active quinones. Maselli & Nord (31) 
studied the influence of menadione, phthiocol, and naphthoquinone on the 
characteristics of the fats obtained from Fusarium lini, Bolley. They found 
that the quinones increased the desaturation of the fats formed and also 
affected the amount of sterol in the fat. This is also not specific for vitamin 
K activity. 

Pichat & Minjat (36) studied the effect of several vitamins including 
“water soluble K’’ (the sodium salt of 2-methyl-naphtho-hydroquinone di- 
benzoyl sulfonic acid) on Koch's bacillus. They found a bactericidal action in 
concentrations of 1 in 400. Kimler (24) studied the bacteriostatic effect of 
various water-soluble vitamin K active compounds on Mycobacterium tuber- 
culosis, var. hominis, strain H37Rv. The critical concentrations were: for 
“Synkayvite”’ 100 ug. per ml., for “Synkamin” 1 yg. per ml., for ““Hykinone”’ 
2 wg. per ml. The amino group in 4-position in ‘‘Synkamin”’ is considered 
to be essential for a high effect. 2- Methyl-4-amino-1-naphthol hydrochloride 
(‘vitamin K;’’) has been found effective against certain pathogenic bacteria 
and fungi and microorganisms causing food spoilage when used in concen- 
trations from 10 to 300 p.p.m. (37a). 

Vitamin K in the green plant—Erkama & Petterson (12) studied the 
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synthesis of vitamin K in peas germinating in light and in darkness respec- 
tively, in analogy with the earlier investigations of Dam & Glavind (7). 
They used the chemical reduction-oxidation method of Scudi & Buhs (49) 
while Dam & Glavind used the more specific chick assay. They found that 
vitamin K is formed in considerably smaller quantity in the absence of 
light. Etiolated seedlings showed an increase in vitamin K only after the 
11th day and contained 10.3 wg. per gm. dry matter after 17 days, whereas 
the corresponding figure for light-grown seedlings was 22 wg. In light there 
was a sudden increase in vitamin K between the 4th and 6th day after the 
exposure of the epicotyl. Whereas these findings are in general agreement 
with those of the reviewer’s laboratory (7, 8, 9), the latter did not detect 
synthesis of vitamin K in their dark-germinated peas in 16 days, though it 
was noted under similar conditions in Picea canadensis. The chick assay 
method has been found much more sensitive than the method used by Er- 
kama & Petterson on a dried green plant material (‘‘Cerophyll’’). It is not 
certain yet whether the substance determined by Erkama & Petterson was 
identical with vitamin K. With regard to another chemical method, it has 
been reported that plant material contains a quinone which does not show 
vitamin K activity in the biological test (25). 

Levine & Rice (28) studied the effect of vitamin K substitute (tetra- 
sodium salt of 2-methyl-1,4-naphthohydro quinone) on growth of roots of 
Allium cepa. In concentrations between 10~ and 107’, the linear growth was 
inhibited and the percentage of mitosis was in general lower in the treated 
roots. It is suggested that the inhibition is due in part to interference with the 
process of cellular elongation and differentation following karyogenesis, and 
in part to reduction in the rate of nuclear division. The action is not 
specific for vitamin K since other substances have a similar effect. 


ANTI GIZZARD ULCER FACTOR 


A dietary factor occurring in the “sterol fraction of fat which is saponifi- 
able’”’ was announced some years ago by Cheney (1) as a new vitamin, “‘vita- 
min U,”’ which prevents ulcers in the gizzards of chicks reared on diets with 
added cincophen. However, the history of the gizzard ulcer problem dates 
back much further and goes beyond the scope of this review. Several authors 
have reported anti-ulcer properties of substances that are not fat-soluble, 
and gizzard ulcers can be developed even to perforation without administra- 
tion of cincophen. Dam & Segal (4) found that the highly unsaturated frac- 
tion of the fatty acids in hog liver fat exerts a marked effect against 
gizzard ulcers, and Dam (2) found that arachidonic acid obtained from Dr. 
J. B. Brown, Ohio State University, possessed this property. At the same 
time, it was found that fish liver fatty acids act in the opposite direction. 
The fatty acids, or the fat from hog liver, gave less protection than the 
unfractionated liver (4), thus leaving the possibility that other factors may 
play a role. In the meantime, Mushett & Ott (6) showed that crystalline 
vitamin Bz acted against gizzard ulcers in chicks, although it did not com- 
pletely prevent them. Dam, Noer & Sgndergaard (3) found that an ether 
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extract of calves brain as well as a water extract of the ether extracted 
calves brain gave protection, but not to the same degree as the unextracted 
brain; the combined ether and water extracts gave a degree of protection 
comparable to or even exceeding that of the untreated dried brain. The 
water extract was found to contain vitamin By: as determined by the micro- 
biological test. Vitamin Bi: could replace the water extract of the brain when 
given together with the ether extract, but had much less effect when given 
alone. In these experiments, the ulcers were provoked by the cod liver oil 
(10 per cent) in the diets and counteracted by vitamin Biz. and the fat- 
soluble factor. 

The gizzard ulcer problem is an example of the interplay of several fac- 
tors, some of which are fat soluble. For comparison with the corresponding 
problem, stomach ulcers in rats, the papers of Hove & Harris (5) and of 
Cheney (1a) should be consulted. 


EssENTIAL Fatty Acips 


The synthesis of linoleic acid has been performed by Raphael & Sond- 
heimer (9). The method consists in partial hydrogenation of the correspond- 
ing 8-diacetylenic acid which, however, is difficult to obtain in good yield. 

Shorland (11) found that dietary linoleic acid is deposited to a large 
extent in horse fat, but not so in the tallow of beef and mutton. He distin- 
guishes between “homolipoid” and ‘“‘heterolipoid” types of fats depending 
on whether they incorporate dietary fatty acids readily. 

Widmer & Holman (12) fed ethyl esters of various individual fatty acids, 
among which were linoleic and linolenic, to fat-starved rats over a period of 
eight weeks. Spectrophotometric analysis of the alkali-isomerized samples 
of fatty acids from various tissues was made. In this way it was found that 
rats could synthesize arachidonic acid from linoleic but not from linolenic 
acid. Hexaenoic acid was synthesized from linolenic but not from linoleic. 
Synthesis of some pentaenoic acid from linoleic was also shown, but it was 
believed to be an abnormality due to the previous fat starvation. On a 
normal stock ration there was deposition of polyunsaturated fatty acids in 
heart, liver, brain, kidney, blood, and skeletal muscle, arranged in order of 
decreasing concentration. Negligible amounts were found in the adipose 
tissue. Very noticeable changes in the polyunsaturated fatty acids of rat 
tissues were found after a three months depletion period. 

Wiese, Holman & Hansen (13) made lipid analyses and spectrographic 
determinations of alkali-conjugated fatty acids in serum and skin tissue of 
dogs fed a low fat diet (1 per cent of the calories as fat). Such diets produced 
skin lesions and the amounts of diene-conjugated fatty acids were definitely 
lower than in healthy animals receiving 29 per cent of their calories as fresh 
lard. The determination of polyunsaturated acids in blood by means of 
alkali-isomerisation was described by O’Connell & Daubert (7). Chevailler, 
Burg, Lagoutiére & Schneider (2a) examined the depot fat of rats and guinea 
pigs for polyethylenic fatty acids; linoleic acid was found in much higher 
quantities in the fat of guinea pigs than in rats, in accordance with the greater 








294 DAM 


speed of oxidation of fat from guinea pigs. The amount of arachidonic acid 
was negligible in both species. 

Growth-promoting action—Deuel, Greenberg, Calbert, Savage & Fukui 
(3) found that injection of the hypophyseal growth hormone did not im- 
prove growth of rats reared on fat-deficient diets, on which they showed 
symptoms of deficiency in essential fatty acids in 12 weeks. Injection of the 
hormone did not cause death which occurred in vitamin A-deficient rats. 
Injected hormone combined with linoleate gave better growth than linoleate 
alone. Administration of a 10 per cent cotton seed oil diet to rats receiving 
an optimum level of linoleate resulted in further acceleration of growth. 

Greenberg, Calbert, Savage & Deuel (5) studied the interrelationship of 
linoleate and linolenate in supplying the essential fatty acid requirement 
in the rat. Male rats required 50 mg. of linoleic acid per day, females 10 to 
20 mg. Linolenic acid had only slight growth-promoting action when fed 
alone to fat-depleted rats at the level indicated. However, when fed with 
suboptimal doses of linoleate, its growth promoting effect equalled that of 
linoleate. Better growth was found in female rats on 30 per cent cotton 
seed oil diets than could be obtained on a fat-low regime supplemented with 
an optimal quantity of methyl linoleate. The growth response of the male 
rats plotted against the log dose was a straight line function in the range 
from 5 to 50 mg. per day. 

Reiser (10) studied fatty acid changes in egg yolk of hens on a fat-free 
and a cotton seed oil ration. No difference in egg production was noted, but 
fertility and low mortality of the embryos were favored by the fat-free 
ration. There was no change in moisture, total fat, phospholipid or choles- 
terol in the yolk. Six-double-bond acids disappeared from the glycerides and 
phospholipids of the yolk of hens on the fat-free ration after four weeks, 
five-double-bond acids after eight weeks. On the same basal ration plus 4 per 
cent cotton seed oil, the six-double-bond acids disappeared at the same time 
as on the fat-free ration, but the three-, four-, and five-double-bond acids 
reached a minimum after two weeks. The two-double-bond acids remained 
unchanged. The author concludes that the hen cannot synthesize poly- 
unsaturated fatty acids from non-fat precursors. However, it can synthesize 
three-, four-, and five-, but not six-double-bond acids from linoleic (two- 
double-bond) acid. 

Barki, Collins, Elvehjem & Hart (1) showed that when the nutritive 
values of fats, e.g., their growth-promoting effects, are compared, it is neces- 
sary to test them at different dietary levels, since some may be superior 
at a higher, others at a lower level. 

The presence of a fatty acid oxidase in frozen poultry fat was demon- 
strated by Ellman & McLaren (4). Methods for studying the metabolism of 
C labeled fatty acids in rats, including methods for separating quantita- 
tively the various lipid fractions, were described by Bergstrém, Borgstrém & 
Rottenberg (2). 

Fatty acids as essential growth factors for bacteria were studied by 
Pollock, Howard & Boughton (8) and by Hassinen, Durbin & Bernhart (6). 
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ANTISTIFFNESS FACTOR 


A critical review has been presented by Daster (1). 

Chemical nature-—Ross, van Wagtendonk & Wulzen (8) reported the 
preparation, from cane juice, of a compound with a tentative formula 
CogsHygO, which alleviates the stiffness induced in guinea pigs on certain ex- 
perimental diets. From the ultra violet spectrum they conclude that the 
substance is a sterol. Dasler (1) doubted the purity of the product. 

Oleson, Van Donk, Bernstein, Dorfman & SubbaRow (6) had previ- 
ously found ergostanyl acetate to be active, a finding which was confirmed 
by Petering, Stubberfield & Delor (7), although they had to use much higher 
doses. Dasler & Bauer (2) could not confirm the antistiffness activity of 
ergostanyl acetate, and Dasler (1) points to the great difficulties involved in 
the assay. 

Symptoms.—Perhaps the most interesting recent development is the 
observation by Wulzen & Plympton (10, 11) that guinea pigs reared on stiff- 
ness-producing diets finally become deaf, as demonstrated by inability to 
react with ear flicking to suitable auditory stimuli. Krueger, Wulzen & 
Leveque (4) showed that the deafness is due to distortion and pathological 
calcification of the auditory complex. Among these abnormalities were reduc- 
tion and irregularity of the depression for the paraflocculus, reduction of the 
size of the internal acoustic meatus and of the facial canal, thickening of the 
wall of the bulla and of the cochlea, obliteration of the tympanic cavity, 
and elongation of the external acoustic meatus by a second or even a third 
white hard incomplete annulus around the meatus. The auditory ossicles 
were often deformed and sometimes embedded in a hard white amorphous 
papillated mass having the appearance of sugar candy concretions. A series 
of skulls of guinea pigs exhibiting these malformations were exhibited at 
the 18th International Physiological Congress in Copenhagen in 1950. 

Harris & Wulzen (3) described the following anatomical changes in 
guinea pigs reared on the stiffness-inducing diet: a peculiar type of arterio- 
sclerosis, necrosis, and calcification of the skeletal muscle and myocardium, 
deposition of calcium salts in the smooth muscle of the gastrointestinal 
tract, in kidneys and liver, development adjacent to bones and joints of 
abscesses that frequently become calcified. Hamsters reared on the same 
diet did not develop these symptoms. 

Weimar & Wulzen (9) described blood changes belonging to the syndrome 
hypocythemic, normochromic, and normocytic or macrocytic anemia, re- 
duction in number of red cells in circulating blood, increased sedimentation 
rate for erythrocytes, leucocytosis. 

Possible relation to human pathology—Lansbury, Smith, Wulzen & 
van Wagtendonk (5) state that experimental production of a collagen necrosis 
disease with calcinosis by means of a deficiency diet is of interest to the rheu- 
matologist and suggests the possibility of a nutritional factor in the patho- 
genesis of some of the collagen diseases. 
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NUTRITION 


By H. J. ALmquist 
The Grange Company, Modesto, California 


INTRODUCTION 


The field of nutrition is a meeting place of many biological sciences. 
With the exception, perhaps, of human nutritional surveys, which have 
been reviewed in numerous places lately, there is not much left for a chapter 
on nutrition which does not also fall well within the scope of ates more 
discrete chapters in this Review. 

An attempt has been made to include only those reports huving a fairly 
direct significance for applied nutrition, particularly of domestic animals. 
Briefly, these include information on qualitative and quantitative require- 
ments of nutrients over the life cycle, sources of the nutrients, efficiencies of 
different forms and sources of nutrients, the effects of manner of administra- 
tion, and the interaction of nutrients. 

In the case of many of the better-known nutrients, nearly all of the 
work has entered into more intricate phases of intermediary metabolism, 
pathology, and medicine. These have been left to be dealt with in the 
appropriate chapters. The review also has been restricted to a relatively 
few topics which have been actively studied during the past year. 


PROTEINS AND AMINO AcIDsS 


Amino acid requirements.—The maintenance amino acid requirement of 
the adult rat was investigated by Benditt et al. (1). Diets contained the 
equivalent of 9 per cent of protein supplied as casein or as amino acids in 
proportion to those in casein. [This assortment of amino acids is deficient 
in sulfur-containing amino acids (116) and there is evidence that requirement 
for these is relatively high in the adult rat (43).] The intake of single amino 
acids was varied. Nitrogen balance data obtained on single rats were erratic 
in comparison to weight data. The reviewer has plotted the nitrogen balance 
and weight data and finds himself in agreement with Benditt ef al. in their 
selection of maintenance requirements from weight change data, but differs 
considerably in the selection of values for five amino acids on the basis of 
the nitrogen balance data. 

Diets made up to contain only the estimated requirements of each in- 
dispensable amino acid were found to support nitrogen balance, but not 
weight maintenance, at a level of two-thirds of the nitrogen previously used. 
The nitrogen economy in the use of a correctly proportioned amino acid mix- 
ture was reaffirmed. 

While the authors describe their results as first approximations only, 
they have extrapolated their rat data to compare with data for humans, 
as given recently by Rose (2), and have stated that a reasonable agreement 
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exists between the two sets of estimates. Actually, the correlation is very 
low. The fact was overlooked that the present human estimate for methionine 
includes the cystine allowance, and the estimate for phenylalanine includes 
the tyrosine allowance. It was assumed that the D components of racemic 
tryptophan, methionine, and phenylalanine were completely utilized by the 
rat. This is not yet fully established. 

The daily requirements for repletion of the protein-depleted adult 
rat were determined by Steffee et al. (3) at the same laboratory in which 
maintenance amino acid studies were made. In both papers, the curves 
relating gains to amino acid intake show the same general feature of sub- 
stantially linear relation over a wide range from maximum loss to maximum 
gain, which has been reported for the chick (32). 

The requirements for repletion estimated from weight changes indicate 
that three times as much valine is needed as has been indicated by others 
(4). The maintenance requirements (1) were subtracted from the total 
recovery requirements to obtain the requirements for repletion alone. Un- 
fortunately, in addition to the doubt which appears in respect to the selection 
of the maintenance values, there are several errors in arithmetic in these 
papers. It is evident, however, that the amino acid requirements pattern 
for repletion is similar to that for growth of young animals. Changes in 
gross weights of the animals were closely related to gains in carcass protein, 
indicating that body weights are an accurate index of amino acid utilization. 

Wretlind (5) has found that young rats required either 0.10 per cent of 
L-methionine or 0.12 per cent of D-methionine as a supplement to a diet 
adequate to maintain weight. The D-isomer was 76 to 84 per cent as active 
as the L-isomer. 

In studies by Wykes et al. (6), tryptophan caused a marked decrease in 
urinary nitrogen excretion by rats up to a point at an average value of ap- 
proximately 75 mg. of either DL- or L-tryptophan per 100 gm. of a diet con- 
taining the equivalent of 7.5 per cent of protein. The excretion varied with 
the amount of food consumed and period of time fed. It is of interest that 
the tryptophan requirement found was approximately 1 per cent of the 
dietary protein, in agreement with the relative requirement found in 20 
per cent protein diets for growth of the rat and the chick. 

An amino acid mixture resembling whole egg protein in amino acid com- 
position was fed to depleted rats at a level to maintain nitrogen equilibrium, 
and at half this level (7). Total diet intake was kept constant with respect 
to nitrogen and calories by feeding through a stomach tube. Nitrogen balance 
data, determined on a sizeable number of rats per group, were very consist- 
ent. Reducing the proportion of leucine in the amino acid mixture to one- 
third did not reduce the value of the mixture. If tryptophan is taken as a 
reference point, the leucine requirement of the adult rat is only about 1.5 
times the tryptophan requirement, as compared to a value of five times from 
the weight data (3). The p-component of racemic leucine was utilized toa 
considerable extent. It would be of interest to repeat this study with p-leucine 
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alone to determine if some L-leucine must be present for the D-form to be of 
any value, as suggested by Anderson & Nasset (7). 

By the same general procedure these workers have further investigated 
the valine requirement and find no evidence that the p-component of racemic 
valine is utilized. Not enough valine was provided to achieve an actual 
nitrogen balance, so the requirement cannot be estimated. In agreement 
with quite general findings of many workers, whole protein was better 
utilized than its counterpart amino acid mixture (8). 

Wyzan et al. (9) found that the feeding of methionine up to 40 mg. per 
kg. of body weight to adult dogs also fed a casein hydrolysate improved 
nitrogen retention because of correction of the deficiency of total sulfur- 
containing amino acids. Above this level, further methionine caused impaired 
nitrogen balance and severe physical effects. The same toxic symptoms 
were observed with excess methionine added to whole casein and to lactalbu- 
min diets. Extra amounts of cystine, cysteine, alanine, glycine, phenylala- 
nine, tyrosine, leucine, and choline did not produce noticeable symptoms. 
Higher protein or amino acid intake increased tolerance to methionine. 

It has long been apparent that the rat could utilize simple compounds 
of labeled nitrogen in amino acid synthesis. The magnitude of this effect 
from a nutritional standpoint remained to be ascertained. Rose et al. (11) 
have amplified preliminary reports on the utilization of simple sources of 
nitrogen in replacement of the dispensable amino acids. When only ten 
indispensable amino acids were provided in requirement levels, the addition 
of nitrogen as ammonium citrate, ammonium acetate, urea, glycine, and 
glutamic acid permitted young rats to make much improved growth. The 
fact that rats grew on only the ten indispensable amino acids was taken as 
evidence that they were able to conserve the ammonia from catabolism of 
D isomers or from tissue catabolism, or from the indispensable amino acids. 
Nitrogen balance experiments showed that the nonessential nitrogen had 
been well retained, ammonium salts better than urea. 

Distinction was made between utilization of simple nitrogen compounds 
in a monogastric animal for replacement of dispensable amino acids only 
and the utilization of urea in ruminants in which the microorganisms in 
the rumen can synthesize all the amino acids, thereby manufacturing com- 
plete food proteins prior to assimilation by the animal, as shown by Loosli 
et al. (12). Of course, to some extent both processes could take place in either 
species. 

Lardy & Feldott (13) have reported in more detail their work on the 
utilization of ammonium nitrogen by the growing rat. Young rats were fed 
diets supplying only the ten essential amino acids proportioned with respect 
to known requirements and at total levels of 4, 8, and 12 per cent of the diet. 
Addition of ammonium citrate or urea to these diets increased the growth 
rate at all levels of total amino acids. The nonprotein nitrogen fed was well 
retained at nitrogen balance. Ammonium compounds did not improve growth 
of rats fed suboptimal amounts of natural complete proteins. The authors 
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point out that with the established exceptions of lysine and threonine, each of 
the essential amino acids can be replaced in the diet by a corresponding 
a-keto analogue (or an a-hydroxy analogue). It becomes possible, therefore, 
that a mixture of amino acids, keto acids, or hydroxy acids, and ammonium 
compounds might support good growth although containing as few as two 
natural amino acids. 

That the utilization of simple compounds of nitrogen may not be as 
direct as supposed as indicated by the results of Fried & Da Silva (14) who 
have shown that growth of the young rat on a low-protein niacin-deficient 
diet is depressed by ammonium citrate or urea, but the depression is over- 
come when niacinamide is also added to the diet. Subcutaneous administra- 
tion of the vitamin was without effect, indicating that its action may be 
mediated through the intestinal flora. In this connection, it would be of 
great interest to study the effect of a suitable bacteriostatic agent, such as 
succinylsulfathiazole, on the utilization of ammonia nitrogen in the presence 
of only the indispensable amino acids. 

After intraperitoneal injection of nitrogen isotope as an ammonium 
compound, fasted rats excreted 50 per cent more isotope than did rats having 
access to glucose solution. The results show the importance of carbohydrate 
to retention of simple forms of nitrogen (15). 

Kratzer et al. (16) have found that the rate of weight gain of turkey poults 
showed a linear relation to the level of methionine in the diet up to a total 
of 0.5 per cent methionine in a ration containing 24 per cent of protein. A 
similar relation of gain to cystine level (with adequate methionine present) 
indicated a cystine requirement of 0.3 per cent. Methionine could replace 
all of the cystine. 

Lysine is required by this species for growth and normal feather pigmen- 
tation (17, 18). It is interesting that a specific symptom of white bar inci- 
dence in feathers decreased regularly as the lysine intake increased and dis- 
appeared at the point of lysine requirement for maximal gain. Furthermore, 
the lysine requirement for normal pigmentation, like that for growth, was 
related to protein level in the diet over a range from 11 to 35 per cent pro- 
tein. pL-Lysine was only half as effective as L-lysine for poult growth and 
feather pigmentation, while p-lysine was not effective for either purpose (19). 

Bird (20) found that the turkey poult required approximately 0.28 
per cent of L-tryptophan in a 38 per cent protein diet. Gain was a linear 
function of tryptophan content of the diet over a range from —3 per cent 
gain in body weight per day to +7.8 per cent, a result which was in general 
identical with the reported relation of these variables in the chick. Compari- 
son of results with L- and DL-tryptophan indicated that the young turkey 
utilizes about 38 per cent of the p isomer for growth. The same amount of 
tryptophan was required for optimal utilization of feed as for optimal gain. 

Defective feathering of chicks was encountered when they were fed a 
diet deficient in arginine. The condition was prevented by feeding more 
arginine (21). The young pig requires lysine (22, 26), methionine (29) and 
tryptophan (23). 
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General procedures in investigating amino acid requirements of human 
subjects, especially of valine and methionine, have been described (24). 
This report is evidently a part of studies of these amino acids which have been 
conducted more extensively and reported on elsewhere. 

Amino acid requirement in relation to protein intake-—Variation of amino 
acid requirement with protein level has been demonstrated in the case of 
lysine with both chicks and pigs. Grau & Kamei (25) have furnished further 
evidence that the lysine requirement of chicks increases with protein level, 
while Brinegar et al. (26) have found a closely proportional change of lysine 
requirement with protein level in the diet of pigs. The lysine requirement of 
the pig was approximately 5 per cent of the dietary protein. This is close to 
the chick requirement of 4.5 per cent and a rat requirement of approximately 
5 per cent. 

The requirement for arginine, which is highly indispensable for the chick, 
also varied directly with the protein level (27) and was approximately 6 
per cent of the dietary protein, at 10, 20, and 30 per cent protein. 

The methionine requirement of the chick has been shown to be propor- 
tional to protein intake over a wide range of levels (25, 28) and constitutes 
approximately 2.5 per cent of the dietary protein. In agreement with the 
results on other animals, it has been shown by Bell et al. (29) that the pig 
requires dietary methionine. A diet containing only 10 per cent of protein, 
all from soybean meal, was made to support maximal gains possible at this 
protein level by the addition of methionine. No more than 0.27 per cent of 
total methionine was needed. This level of methionine is consistent with 
that required by the chick and rat, if the methionine requirement in the pig 
varies with protein level as it does in other species. 

An inspection of data on growth of the young turkey on diets containing 
different levels of lysine from natural sources (30) indicates that a 28 per 
cent protein diet gave best results when containing 1.46 per cent lysine. This 
is close to the optimal proportional level of lysine for poults found by Grau 
et al. (31), i.e., 1.3 per cent lysine at 24 per cent protein. 

Evidence accumulates to show that, for most efficient growth of young 
animals, the proportions of indispensable amino acids to the others in the 
diet have a relatively fixed value (32), to a large extent independent of gross 
level of protein and amino acids. This concept has been extended to protein 
levels that are considerably higher than normal (25, 27, 28). An amino acid 
source which has, for example, a partial deficiency of one indispensable amino 
acid may support better growth at an intermediate level, when properly sup- 
plemented, than it can support at a higher level when unsupplemented, al- 
though the latter level may supply as much of the particular amino acid 
as the optimally supplemented lower level. Evidently, the most appropriate 
method for expressing amino acid requirements for growth may be in terms 
of percentage of the dietary protein, rather than percentage of diet, or of a 
given weight of the animal, etc. 

Amino acid excretion.—The pattern and degree of amino acid excretion 
is a useful index to the value of ingested protein and amino acid mixtures. 
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The effect of diet on amino acids in blood and urine of mice has been studied 
by Steele et al. (33). Dietary changes from 10 to 50 per cent casein caused no 
appreciable changes in plasma content of 15 amino acids, including the 
indispensable ones. Diets very low in tryptophan or in methionine caused a 
drop in the plasma content of these amino acids. Relatively more nitrogen 
was excreted by mice on the deficient diets, especially young mice. Differ- 
ences in excretion by young and adult mice were undoubtedly due to differ- 
ences in amino acid pattern required for growth as compared to maintenance. 

Steele et al. (34) have also reported on the amino acids present in plasma 
and urine of human subjects fed different levels of protein from common 
food sources in a practical diet. All of 18 amino acids were found in urine. 
There were marked and consistent differences in the excretion of amino acids 
by different individuals. The excretion of histidine, serine, alanine, and tyro- 
sine increased markedly with protein intake, but excretion of the other 
amino acids was not appreciably affected nor was the level of any amino 
acid in plasma noticeably increased. The nonessential amino acids were 
excreted more abundantly as compared to the essential amino acids. Levey 
et al. (35) ascertained that arginine, histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, threonine, and valine were well and equally 
retained by both normal and undernourished humans. The greatest losses 
were of threonine and histidine. Some of the amino acids in urine were in a 
peptide form. Further studies on amino acid excretion of humans by Thomp- 
son & Abdulnabi (36) have shown that the excretion of a-amino nitrogen 
was correlated with body weight in the case of males, but not of females. 
There was a significant sex difference in excretion. Although the excretion 
by any individual was quite uniform, there were marked differences be- 
tween individuals. This latter finding has also been stressed by Rose (2) 
and Steele et al. (34). Williams (37) has published an interesting review of the 
genetic basis of variability in requirements and metabolism of nutrients 
among individuals of the same species. 

According to Denton et al. (38), a methionine deficiency in a force-fed 
diet resulted in less methionine being found in liver and urine, but not in 
brain and feces of the rat. There were some peculiar deviations in arginine 
and other amino acids. Excretion of total amino acids was not appreciably 
altered. It is noteworthy that the amino acids in feces were present in remark- 
ably similar proportions unaffected by the methionine deficiency. 

Six protein hydrolysates of different composition with respect to amino 
acids and peptide content fed orally to dogs were all approximately equal 
in biological value. Intravenous infusion during 1 hr. led to 5 to 20 per cent 
loss; infusion during 15 min. led to 15 to 35 per cent loss of amino acids in 
urine, and amino acids in peptides were relatively poorly retained. The 
efficiency of utilization of protein hydrolysates depended upon the propor- 
tions in peptide form, the method of feeding, and the rate of infusion (39). 
Two protein hydrolysates, greatly different in peptide content, were given 
intravenously to humans. The peptides were relatively poorly retained (40). 
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A paper chromatographic method for determining amino acids in the 
presence of interfering substances for microbiological methods, such as are 
present in biological fluids, has been proposed (41). Chromatographic sepa- 
ration was found to be more specific for free amino acids in urine than the 
microbiological methods (42). 

Microbiological methods for analysis of ‘‘protein-free”’ extracts of tissues 
and of urine and feces have been criticized on the grounds that the micro- 
organisms will respond to some amino acids that may be present in peptide 
form. It has been shown that recovery of added free amino acids is satis- 
factory and that errors from adsorption are probably negligible. However, 
certain other sources of error have been suggested, such as microbiological 
utilization of metabolic analogues of amino acids (35). It seems that this sug- 
gestion may also apply in the other direction, i.e., if analogues of an amino 
acid are excreted and not measured by microbiological or other methods, 
the carbon skeleton of the amino acid is certainly being wasted and the reten- 
tion is not as good as indicated merely by the differences between amounts 
ingested and excreted. Possible growth-promoting or growth-retarding sub- 
stances in the tissue extracts may affect the development of the assay organ- 
isms. 

Amino acid content and nutritional value of food proteins —The nutritional 
value and amino acid content of six partially purified food proteins has been 
the subject of several collaborative studies. Mitchell & Beadles (43) reported 
the digestibilities and biological values of these products as obtained with 
rats and compared their results with those in previous reports. The digesti- 
bilities of the proteins (whole egg, egg albumin, beef, casein, wheat gluten, 
and peanut flour) were high and did not differ appreciably for young rats, 
adult rats, or adult humans. Those proteins deficient in the sulfur-containing 
amino acids had lowest biological values in the adult rat, while lysine de- 
ficiency was relatively more serious for the young rat and the adult human. 
This was explained on the basis of an intensified cystine-methionine require- 
ment in the adult rat for growth of hair, as compared to the young rat and 
the adult human. Since hair protein contains a much lower percentage of 
lysine than is found in muscle protein, the requirement of the adult rat for 
this amino acid is correspondingly less intense than for the growing rat or 
adult human. This interesting explanation of differences observed in the 
protein samples for growth as compared to maintenance should be further 
tested by appropriate amino acid supplementation of the samples. 

The same six samples were bioassayed by Ruegamer et al. (44), using 
growth of young rats as the index of value. Relatively poor results were ob- 
tained with the beef sample, and shown to be uncharacteristic of other well- 
prepared samples of beef. The decreasing growth-promoting value of the 
six samples (gain per gm. of nitrogen consumed) was in the order: egg albu- 
min, whole egg powder, beef muscle, casein, peanut flour, and wheat gluten. 
This is substantially the same order of value as found for humans and for 
four of the samples tested for biological value (45). 
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The methods and results obtained by 12 laboratories which conducted 
amino acid analyses and by 20 laboratories which made nutritional studies 
of these six protein samples have been collected and made available (45). 
As might be expected, deviations occurred in amino acid analytical values 
among the different laboratories, but the major deviations were attributable 
more to the analyst than to the method. 

Differences in growth response of the mouse and dog, as compared to the 
rat, may indicate that the first two animals are more susceptible to the pres- 
ence, as in egg white, of substances like avidin and trypsin inhibitor which 
were, in all probability, present in the sample. The values of these protein 
samples for reproduction, lactation, and the regeneration of blood proteins 
were also studied. The results, while not clear-cut for most samples in these 
latter respects, suggested some differences to be associated with the different 
physiological states of animals, as well as age and species. 

The results of this collaborative study indicated that the protein efficiency 
measurement in the growing rat was the most satisfactory method for evalu- 
ating proteins for growth; however, the general nutritive value of proteins 
was not to be determined by any one animal test. When the confusion that 
has deen associated with the variable amounts of extraneous vitamins, 
growth factors, and inhibitors present in some practical protein sources can 
be cleared away, the amino acid analyses and digestibility data may be suffi- 
cient information for most nutritive purposes, where requirements are 
known. 

Kligler & Krehl (46) have attempted to obtain optimal growth of rats on 
a diet containing zein as the source of protein. Joint addition to the diet 
of lysine, tryptophan, arginine, threonine, and valine improved growth to 
a good, although not maximal, rate. Lysine was found to be essential for 
maintenance of older rats. The authors suggested that the zein may not 
have been digested well enough to support best growth. However, it was as- 
sumed, on the basis of an old analytical value, that the zein furnished suffi- 
cient methionine. Newer values which have been published since 1945 indi- 
cate that the zein diet did not furnish sufficient methionine for the rat. 
Analyses of filbert nut globulins indicated a critical deficiency only in respect 
to lysine and methionine, This was confirmed by rat growth tests (47). Rats 
fed purified diets containing isolated soybean protein plus methionine made 
satisfactory weight gains for four successive generations (48). 

Cottonseed meal as the single source of protein in a chick diet was once 
more found to be deficient in lysine. pL-Lysine was not as effective as L-lysine 
addition to the diet. Further addition of methionine or tryptophan had no 
effect, The lysine deficiency in cottonseed meal was compensated by feeding 
it in a mixture with soybean meal, which, as is well-known, has a nutritional 
surplus of lysine (49). It may be calculated from an average value of five 
recent reports on lysine in cottonseed protein (3.9 per cent of the crude pro- 
tien) and the known chick requirement of about 1.0 per cent lysine in a 22 
per cent protein diet, that the lysine deficit in the cottonseed meal diet was 











Fe —vs Ww i'r 


iw ft 





NUTRITION 313 


0.14 per cent. It is evident that the lysine in the cottonseed meal was efficient- 
ly used since a supplement of no more than 0.2 per cent lysine was needed 
for maximal growth. Peanut meal was a satisfactory source of protein for 
chicks when supplemented with methionine and lysine (50). 

A chick diet in which the protein was furnished by cottonseed meal and 
cereals was improved for growth by addition of pL-lysine (51, 52). Since the 
cereal proteins are known to be deficient in lysine for the young chick, these 
experiments show that cottonseed meal is unable to supplement the cereals 
in this respect. The supplementing action of soybean meal on cottonseed 
meal was again demonstrated. 

Diets containing 22 per cent of protein furnished as soybean or cotton- 
seed meals, and complete in other nutrients except vitamin By, required 
the addition of both the vitamin and the particular amino acids deficient 
in these meals for support of best growth of chicks (53). The amount of sup- 
plementation with methionine or lysine was in fairly close agreement with 
expected amounts based on prior chick studies. The estimate of methionine 
in soybean meal was much too low. It seems to be quite common that micro- 
biological analyses for methionine give rather low results as compared to 
the chemical methods. 

Protein of the horsebean (vicia faba L.) was extracted and analyzed for 
13 amino acids (54). The protein was evidently deficient in sulfur-containing 
amino acids and was shown to be improved for chicks by supplementary 
proteins richer in methionine and by pL-methionine (55). 

Cottonseed meal in young turkey diets required a supplement of lysine 
and possibly methionine and tryptophan. Without the lysine addition to 
their diet, poults developed severe perosis and the typical depigmentation 
of feathers (56). 

The content of ten indispensable amino acids in fresh and cooked pork 
and lamb samples has been reported (57). A thorough microbiological analy- 
sis of 55 meat samples (beef, lamb, pork, veal, and various beef organs) 
for arginine and histidine gave further support to the concept that specific 
amino acid content of proteins of comparable animal tissues is very similar 
from species to species (58). The essential amino acids in several commercial 
Pacific Coast fishes and their byproducts have been estimated by micro- 
biological methods (59). Amino acid content of meat meal, beans, oats, 
barley, and other foods has been reported (60). Ten essential amino acids in 
human colostrum and transitional milk were determined by microbiological 
methods (61). Amino acid contents of the egg proteins, albumin, conalbumin, 
ovomucoid, lyzozyme, avidin, phosvitin, and vitellin have been reported 
by Lewis et al. (62). According to Evans et al. (63) and Ingram et al. (260), 
the percentages of lysine, tryptophan, methionine, and cystine in egg albu- 
min or egg yolk proteins were unaffected by variations of amino acids in the 
hen’s diet [see also Csonka (261)]. The amino acid content of wheat gluten 
proteins has been reinvestigated (64, 65). 

Nine samples of corn ranged in protein content from 8.95 to 13.02 per 
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cent. The content of lysine, methionine, and tryptophan in these samples 
varied directly with the protein, indicating that the quality of the protein 
was not appreciably changed in these samples (66). Relations between total 
protein, zein content, and amino acid content of corn have been extensively 
studied. Proportion of zein increased with protein content indicating lower 
average quality of protein in high protein varieties and crosses (67). The role 
of genetics in food quality improvement has been concisely reviewed by 
Zscheile (68). 

Amino acid toxicity—The detrimental effects of certain amino acids 
when fed in excess of requirements has frequently been reported. This may 
be, commonly, an imbalance in required proportions of amino acids produced 
by a surplus rather than a deficiency. Undoubtedly, such factors as speed of 
absorption and of catabolism will modify the toxicity of particular amino 
acids. Grau & Kamei (25) have shown that methionine above the required 
level in 10 and 20 per cent protein chick diets may quickly become detri- 
mental to growth. At 30 per cent protein levels this growth-depressing effect 
was only slight, evidently because the methionine needed to balance the high 
protein level was exceeded in only one or two cases. At the 40 per cent 
protein level, not enough methionine was fed to overbalance the protein 
and there was no growth depression, although the total methionine ingested 
was twice the normal requirement. 

Graham et al. (69) fed young rats a 20 per cent casein diet with 2 to 5 per 
cent extra levels of amino acids. Five per cent of L-leucine, L- or DL-glutamic 
acid, L- or DL-lysine, and L-tyrosine did not inhibit growth. Previous reports 
of toxicity of L-tyrosine could not be confirmed. Two to 5 per cent of either 
L- or DL-tryptophan, 5 per cent of L- or DL-aspartic acid, and 5 per cent of 
pL-leucine were inhibitory. DL forms were more inhibitory than comparable 
levels of L-forms. It was also added in a footnote that 5 per cent: levels of 
DL-valine, DL-threonine, L-arginine, DL-isoleucine, and DL-serine were not 
detrimental to growth, while pL-methionine and L-cystine were markedly 
toxic. DL-aspartic acid was poorly utilized in comparison to L-aspartic acid. 

A nervous syndrome produced in rats fed a diet deficient in niacin and 
tryptophan, and supplemented with both pi-phenylalanine and DL-methio- 
nine, was not reversible beyond a given stage, but could be prevented by 
extra niacin or tryptophan or more protein. It was suggested by Hankes & 
Elvehjem (70) that the p-isomers were the cause of the condition. 

Strain differences with respect to methionine metabolism by excised 
liver tissues of rats have been encountered (71). Marked differences in strains 
of rats with respect to tolerance to excess methionine in the diet have been 
confirmed by Roth & Allison (72). Excess methionine increased nitrogen 
loss, but was counteracted by a high level of choline in the diet. This result 
would suggest that a demethylated form of methionine was the actual cause 
of toxicity; however, homocystine was less depressing to growth when fed 
without choline than was methionine, but was equally depressing when fed 
with choline (73). Van Pilsum & Berg (74) have fed to rats mixtures of the 
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ten essential amino acids, all in the pL form as compared to all in the L 
form. A diet containing 11.2 per cent of essential L amino acids in proportions 
according to twice the known requirements, but no dispensable amino acids 
or other source of nitrogen, supported better gain than a 22.4 per cent level 
of a corresponding mixture of DL amino acids. When the allowances of DL- 
forms of methionine, tryptophan, phenylalanine, histidine, and arginine 
were reduced by one-half and then restored singly, it was found that the 
principal growth-inhibiting component of the DL amino acid mixture was 
methionine. Strangely, L-methionine was more inhibitory than p-methionine 
or DL-methionine. 

In subsequent experiments, extra nitrogen added to amino acid mixtures 
as glycine, ammonium citrate, or choline did not significantly affect the 
growth rate. The lack of effect of the extra nitrogen is in direct contrast to 
the results of Rose et al. (11) and of Lardy & Feldott (13). It is to be noted, 
however, that even in the all-L-mixture diet the amounts fed were twice 
the requirement of the rat at an approximate 20 per cent protein-equivalent 
intake and it is possible, therefore, that the allowance of L amino acids may 
have been excessive and inhibitory to best growth, especially at the low 
protein-equivalent intake. The casein hydrolysate used may not have con- 
tained enough tryptophan for optimal growth. While this work has shown 
specifically the differential toxic effects of the methionine isomers, it yields 
little definite indication as to the toxicity of the other amino acids. Wretlind 
(5) has reported that 3.5 per cent L-methionine or 5.4 per cent D-methionine 
in the diet were toxic levels for young rats. 

Toxicity of methionine in the diet of the chick (25) and of the dog (9) 
and rat (70, 72, 74) was counteracted by feeding more protein or certain 
other amino acids. Adding 1 per cent glycine to a simplified chick diet con- 
taining 6 per cent glycine, or adding 4 per cent to a diet containing 3.5 per 
cent glycine, caused a growth depression which was counteracted by vitamin 
By. This vitamin, as well as niacin, pyridoxine, folacin, and riboflavin is 
concerned in the prevention of glycine toxicity (75). 

More work of this character, particularly with pure D or L forms exclusive- 
ly in the diet is needed to clarify the nature of amino acid toxicity. It is 
conceivable that there may be differences in toxicity for growth as compared 
to maintenance. For example, on the basis of present results it seems that 
adult rats tolerate methionine better than young rats. 

In summarizing the recent data on amino acid toxicity for the rat, the 
writer has observed that in those cases where an indispensable amino acid 
fed in pL-form is clearly depressing to growth it is also true that the p com- 
ponent is utilizable to an appreciable extent for growth. In those examples in 
which the DL amino acid is not inhibitory, the D isomer is not appreciably 
utilized for growth. This relation applies to moderately fexcessive levels 
of amino acids; massive doses of any amino acid might be expected to be 


toxic. The significance and consistency of this relation remains to be exam- 
ined. 





316 ALMQUIST 


Relation to disease—The development of stomach ulcers in rats on star- 
vation or low protein diets has been studied further by Hove & Harris (76). 
Prevention and cure of these ulcers was expedited by higher protein levels, 
a-tocopherol, and especially by both. Unsaturated fat in the diet was a 
predisposing factor for ulcers. 

Forced feeding of a tryptophan-deficient diet to rats was resorted to by 
Spector & Adamstone (77) in an attempt to avoid the reduction in voluntary 
feed intake usually observed with such deficiencies. The description of the 
resulting effects on these rats, including abnormal actions, hyperexcitability, 
convulsions, bloating, and diarrhea leads one to wonder whether this tech- 
nique does not introduce more difficulties than it solves. These symptoms, 
as well as a general alopecia, fatty infiltration of the liver, lowered hemo- 
globin level, ocular lesions, atrophy and degeneration of cardiac and smooth 
muscle, seminiferous tubules, spleen and pancreas, were prevented by adding 
L-tryptophan to the diet. Many of these symptoms have been previously 
described. The forced feeding had the effect of bringing on these symptoms 
in a much shorter time than heretofore observed. 

Studies by Williams e¢ al. (78, 79) on the effects of specific amino acid 
deficiency on enzyme activity in the rat have shown some rather striking 
differences in the case of methionine as compared to tryptophan deficiency. 
Both deficiencies greatly reduce xanthine oxidase activity in the liver, and 
succinic oxidase to some extent. Methionine deficiency had no effect on endog- 
enous respiration of liver tissue, in vitro, while tryptophan deficiency did. 
In the latter case, there was no effect on liver protein, total solids and non- 
protein nitrogen, which is quite surprising in view of the usual rapid decline 
in liver protein following protein deprivation and amino acid deficiencies. 
Threonine deficiency in rats reduced D-amino acid oxidase in liver but not in 
kidney. Concentration of this enzyme in tissues increased with protein in- 
take (13). 

Rats maintained by Miller (80) on low or non-protein diets showed losses 
in liver protein, and liver enzymes such as catalase, phosphatase, xanthine 
oxidase, cathepsin, and arginase. A high protein diet led to prompt restora- 
tion of these properties. These enzyme losses are most probably only a part 
of a very general reduction in protein synthesis caused by qualitative or 
quantitative protein deficiency. 

The relation of protein intake to disease resistance and antibody produc- 
tion has been generally recognized. Gemeroy & Koffler (81) found that in the 
rabbit the production of antibodies was expedited by a high-protein diet 
complete in other dietary factors. 

Relation of changes in diet to early mortality in young chicks was found 
to be large in some inbred lines of chicks and negligible in others. Changes 
in calcium and phosphorus content of diets seemed to be prominent factors 
in early mortality. Waters et al. (82) do not comment on the fact, evident 
in their data, that a higher protein diet was distinctly less conducive to mor- 
tality in susceptible lines than a lower protein diet. 

The effect of age on protein values—The effect of storage on the protein 
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values of wheat, soybeans, two varieties of yellow corn and a standard sam- 
ple of beef round, has been investigated by Mitchell & Beadles (83). No 
significant deterioration in ‘‘true digestibility’’ and “biological value” was 
noted in the proteins of whole or ground wheat and corn held over a period 
of two to three years under usual grain storage conditions. Dried and de- 
fatted raw beef round showed no deterioration when similarly stored. Soy- 
beans decreased in digestibility and biological value over a period of 2.8 
years. However, the ground, defatted and autoclaved meal prepared from 
these beans appeared to be stable. The changes in the whole bean were 
thought to be due to the continued respiration of the embryo which, in soy- 
beans, comprises 92 per cent of the seed, as compared to 2 to 10 per cent in 
the grains. 

Heat damage to proteins and amino acids.—This topic has been the sub- 
ject of growing attention. The reports prior to 1950 have been reviewed 
elsewhere (84, 85). Friedman & Kline (86) found that a casein enzymatic 
hydrolysate heated in various ways with glucose had undergone nutritional 
damage in rough proportion to the severity of heating and the ‘“‘browning”’ 
which resulted. A five-day supplementation of one damaged preparation in 
a rat diet with a complete amino acid mixture from which amino acids were 
deleted one at a time, showed that histidine, threonine, phenylalanine, tryp- 
tophan, lysine, and methionine, decreasingly in the order mentioned, had 
been most seriously impaired. The order of impairment of this sample for 
microbiological assay was approximately the same. Another sample fed to 
young rats for 12 days showed a quite different order of impairment. 

Particularly noteworthy was the finding that microbiological assay 
for amino acids in a carbohydrate-damaged hydrolysate might indicate that 
the requirement for moderate growth of the rat should have been supplied, 
yet the amino acids proved to be nutritionally unavailable. Only one indis- 
pensable amino acid need be so affected to cause this nutritional failure. 
In view of such results it seems probable, also, that the microbiological assay 
methods determined the undamaged amino acids plus varying amounts of 
the damaged fractions. It is, therefore, impossible to state from the micro- 
biological data just how much of any amino acid was damaged. This problem 
evidently requires more and very thorough study using chemical, micro- 
biological, and animal assay methods, jointly. 

These workers (87) also studied the effects on ten essential amino acids 
plus cystine and tyrosine heated in solution with glucose under varying con- 
ditions. As time of heating was lengthened from 30 to 120 min. at 121°C. 
there was a progressive loss of histidine, arginine, tryptophan, phenylalanine, 
lysine, threonine, cystine, isoleucine, valine, and leucine, decreasingly in 
the order given, according to microbiological assay. There was no loss of 
methionine or tyrosine. 

Sodium bisulfite prevented the browning reactions but not the develop- 
ment of colorless products which were strongly fluorescent, and which showed 
characteristic ultraviolet absorption at 285 mu. Development of the fluores- 
cent products preceded the browning effect and took place slowly, even at 
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25°C. There was little correlation between decreased availability of the 
amino acids for microorganisms and the production of color or fluorescence 
in amino acid solutions heated with glucose. A protein hydrolysate heated 
with glucose was damaged in all six amino acids measured, i.e., histidine, 
arginine, tryptophan, lysine, threonine, and valine, decreasingly in the order 
listed. This order agrees with the results on heating single amino acids, but 
differs from the analysis of a damaged hydrolysate reported on previously. 

In a very complete investigation of the browning reaction of bovine 
serum albumin heated with glucose, Mohammad et al. (88) have observed 
the same characteristic increase in a peak of absorption at approximately 
280 mu. There was a marked and early loss in amino nitrogen, and a small 
loss of total nitrogen after extreme heating. Microbiological analyses showed 
losses, in per cent, of lysine 57, arginine 55, histidine 19, methionine 12, 
tyrosine 16. In other protein samples, tryptophan was destroyed by the 
reaction. Amino groups protected by acetylation were resistant to the reac- 
tion. 

Protein and glucose mixed and held at 37°C. showed after 30 days the 
following losses in per cent, lysine 90, methionine 50, arginine 40, tyrosine 33, 
and histidine 30 (89). Commercial lactalbumin contained sufficient carbo- 
hydrate to damage the protein significantly when heated, according to 
Mader et al. (91). Decrease in nutritive value, as determined with dogs, was 
proportional to the severity of heat treatment. Dry heat was much less detri- 
mental than comparable autoclaving. Removal of the sugars improved the 
stability of the lactalbumin to heat. The principal heat effect was a decreased 
digestibility of the protein, while the biological value was apparently not 
impaired. It is possible that in this case some heat damage to lysine may 
have occurred but did not become evident biologically because of the con- 
siderable surplus of lysine in this protein. Lowry & Thiessen (92) found 
that autoclaving casein or wheat gluten in the presence of glucose caused a 
drastic lowering of growth-promoting value for rats as well as increased 
in vitro resistance to trypsin and papain. Resistance to pepsin, chymotrypsin, 
and pancreatin was less marked. It is of interest that the protein-sugar 
complex formed seems to have been rendered resistant particularly to tryp- 
sin and the net effect was very similar to that of a tryptic inhibitor. Heat 
damage to proteins has been reviewed by Patton (90) and several sources of 
error in interpretation and analyses, involving especially destruction of amino 
acids by reaction with carbohydrates, have been pointed out. 

On the plausible theory that feeding efficiency of soybean meals might be 
related to their enzymatic digestibility, Ingram et al. (93) analyzed nine 
differently processed meals for amino acids after acid hydrolysis and after 
enzymatic hydrolysis. Raw or slightly heated samples showed an impaired 
enzymatic (pancreatin) release of all amino acids measured. Some com- 
mercially heated samples showed relative decreases in the enzymatic libera- 
tion of lysine, cystine, and arginine. Chick growth tests, except for the under- 
heated samples, showed little difference between the samples, possibly be- 
cause of the presence of other natural proteins in the diets used. A similar 
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study made with cottonseed meals showed that a sample heated at 15 lb. 
steam pressure for 4 hr. had lost lysine, cystine, and tryptophan, but not 
methionine as determined both after complete hydrolysis and after enzymatic 
hydrolysis. The overheated sample was poor in biological tests with chicks. 
Similar results were obtained with a sample that had been overheated in 
commercial processing machinery (94). 

In respect to damage of proteins by heating, attention should be called 
to the report by Westfall & Hauge (95) particularly because it is evident 
that investigators are continuing to overlook the fact that heat damage to 
food proteins may take place much more readily than has been generally 
realized. The nutritional protein efficiency of soybean flour was progressively 
decreased by autoclave heating at 120°C. from 5 to 40 min. and in no case 
was a product obtained which was equal to a meal heated at 108°C. for 15 
or 30 min. 

The effect of heat of normal processing and cooking on the nutritive 
value of food proteins was studied biologically. Proteins of peanut meal, 
sunflower seed meal, cottonseed flour, and corn were decreased in digesti- 
bility, or biological value, or both. Linseed meal was apparently improved, 
while beef protein was unaffected (96). The improvement in linseed meal pro- 
tein on heating may have been due to destruction of a toxic factor which 
is present in this meal. The other meal proteins were, of course, heated in the 
presence of their associated carbohydrates, which are known to expedite 
protein damage. The beef protein, having very little associated carbohydrate, 
was not similarly damaged. 

Evidence of damage to casein in commercial processing was found in 
studies which showed that freshly prepared raw casein was digested 46 
per cent under certain conditions by trypsin, whereas ‘‘vitamin-free’’ casein 
was digested 35 per cent and a commercially dried sample only 26 per cent 
(97). 

In sunflower seed meals, the principal cause of variability in quality of 
the protein was found to be excessive processing temperatures (98). Tempera- 
ture of processing had the greatest effect on the protein value of cottonseed 
meal (99). Since these protein sources are marginal or deficient in lysine 
content, the impairment of lysine is the probable primary cause of the low- 
ered protein value. 

Samples of meat meals and fishmeal were assayed microbiologically 
by March ef al. (100) for arginine, lysine, tryptophan, methionine, and 
cystine. Although comparable to the fish meal in lysine content, the meat 
meals were found to be relatively deficient in available lysine for the chick 
and to support better growth when supplemented with lysine. Methionine 
was probably a secondarily deficient amino acid. The results were explained 
on the basis of heat damage to the meat meals during processing. After 
canning, both the digestibility and the biological value of beef for young 
rats were slightly but significantly lowered. Roasting and corning did not 
cause these changes (101). 

The sensitivity of amino acids to destruction by heat should be kept in 
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the forefront of attention of workers in this field, and means continually 
sought to avoid the destruction. It would appear, however, from the much 
improved agreement among various reports on amino acid content of pro- 
teins in natural foods in recent years that errors due to destruction during 
analysis are relatively minor compared to the magnitude of disagreement 
that formerly existed. To be sure, widely divergent values are still reported, 
but it is rather obvicus that these are due more to lack of skill rather than 
method, and often take the form of preposterously high as well as low values. 

Proteolytic enzyme inhibitors—This subject up through 1949 has been 
treated in a previous review (102). Commercial egg white preparations con- 
tain most of the antitryptic principle of raw egg white, and this principle 
is not easily destroyed by ordinary cooking. Therefore, the actual inhibiting 
activity of this anti-enzyme on in vivo digestion could be a matter of im- 
portance in relation to the value of dietary protein ingested with the inhibi- 
tor. In human subjects, commercial egg white powder, heated or unheated, 
and lactalbumin were fed as 40 per cent of the dietary protein in a standard 
diet. Isolated antitrypsin (ovomucoid) of proven activity was fed with the 
heated egg white. Presence of this inhibitor was found by Scudamore et al. 
(103) to have no appreciable effect on the nitrogen retention of the subjects. 
The egg white antitrypsin was fed in a casein diet to young rats and found 
by Klose et al. (104) to have no effect on growth or protein efficiency at levels 
as high as 2.5 per cent of the diet. Similarly, this inhibitor had no effect on 
growth of chicks when fed at 1 per cent of the diet (105). On the other hand, 
there is recent evidence that the mouse and the dog are sensitive to some 
such factor in an egg white sample that was quite well assimilated by the 
rat and the human (45). Egg-white antitrypsin (ovomucoid), which was 
strongly active, was found ineffective in preventing digestion of plasma by 
cells, although the soybean antitrypsin was also effective for this purpose 
(106). It is evident that these antienzymes are widely different in other prop- 
erties. 

Of 11 species of legumes, the nutritive value of five for rat growth was 
improved by autoclaving (107). Six legumes were not significantly improved. 
No correlation was found between the improvement of the legume on heating 
and the presence or destruction of tryptic inhibiting action. All legumes were 
fed with a methionine supplement. Similar results were obtained in another 
study of eight legumes (108). 

One kind of soybean inhibitor preparation was obtained by Borchers 
et al. (109) which, like the egg white antitrypsin, apparently does not inhibit 
protein utilization in rats or chicks. It seems entirely possible that such inhib- 
itor may be relatively heat stable and persistent in im vitro assays. It is 
also possible that inhibitor fractions which are effective in vivo may be those 
which are more easily inactivated by heat. Furthermore, not all of the 
nutritive improvement by heating a legume seed must be attributed neces- 
sarily to effects on proteins or on enzyme inhibitors. 

A trypsin-inhibitor extracted from lima beans was found by Klose et al. 
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(110) to depress the growth of rats fed diets containing either casein or 
heated soybean as the principal protein. The inhibitor in raw lima beans 
was destroyed to a large extent by steam heating. The effects of this inhibitor 
could also be counteracted by the addition of methionine to the diets. The 
lima bean inhibitor is very similar to that in soybean. 

In an attempt to uncover the mechanism of the apparent interference of 
the tryptic inhibitor with methionine in soybean protein, Liener et al. (111) 
found, as have others previously, that autoclaved soybean meal consistently 
supported moderately better growth than did raw soybean meal with a 
methionine supplement. The addition of the inhibitor to the heated soybean 
protein depressed growth. Liver lipids decreased with increasing supple- 
ments of methionine to either a raw or heated soybean meal diet. This study 
was not extended to diets containing no added methionine, in which a differ- 
ence in availability of methionine for lipotropism might have been expected. 

Simon & Melnick (112) have found that in two unheated soybean meals, 
one of which was solvent extracted, the antitryptic activity was high and 
the protein efficiency was low in vitro. A mildly heated flour also was high 
in antitrypsin but improved in protein efficiency. An optimally heated and 
an “overheated” product showed low antitrypsin but high protein efficiency. 
Among these samples, therefore, there was not a close agreement between 
the measurements made. One is inclined to wonder what the effect of the 
much finer grind of the flour may have had on the growth value and whether 
the physical destruction of cells of the raw bean may not have a great deal 
to do with its nutritive value. 

In experiments by Liener et al. (113), the effects of crude soybean inhibi- 
tor and methionine on raw soybean, autoclaved soybean, hydrolyzed soy- 
bean, and casein protein were all qualitatively the same, i.e., the growth- 
depressing effect of the crude inhibitor was largely, but not entirely, cor- 
rected by methionine. This led to the suggestion that the mechanism of the 
depressing effect was twofold, one probably related to the digestion of pro- 
tein and another independent of i vivo digestion, since it has been observed 
with predigested protein sources in the diet. This question requires further 
investigation with purified inhibitors. 

A somewhat different viewpoint must be taken of the mechanism of the 
heat improvement of raw soybean. It was suggested some time ago that heat 
raised the general plane of nutritional value and possibly increased the avail- 
ability of other amino acids besides the sulfur-containing acids (114). To 
this might be added the possibility that availability of carbohydrates and 
fats in the soybean may also have been improved by heating. In the first 
report of the use of soybean protein exclusive of other feed proteins in the 
diet (115), it was shown beyond question that methionine is the specific 
amino acid present at a deficient level and that the protein is complete in 
other respects for growth. 

In every case where the depressing effect of the tryptic inhibitor has been 
most marked there has been a deficiency of total sulfur-containing amino 
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acids, inherent in the protein, i.e., lima bean, soybean, or casein protein. 
The deficiency of casein in this respect was pointed out years ago (116) 
and several workers have encountered the fact since. This common defi- 
ciency has focused attention on methionine as being somehow particularly 
involved in the process of inhibition; however, this association may really 
only be coincidental. It seems possible that a protein with a primary lysine 
or arginine deficiency, for example, might also be rendered more acutely 
deficient in the presence of a tryptic inhibitor. No investigations of such possi- 
bilities have been reported. 

One has yet to explain why interference with proteolysis seems to be 
especially acute with respect to one amino acid, when an interference with 
a general proteolytic enzyme like trypsin should, and does, hinder the 
release of all other essential amino acids as well (117). Perhaps a specific 
case can be chosen to examine in detail. The protein of soybean at a 20 per 
cent level in a chick diet provides in addition to the known chick require- 
ments a generous surplus of the amino acids arginine, histidine, lysine, trypto- 
phan, threonine, isoleucine, and valine, a moderate surplus of phenyl- 
alanine and valine, but only 60 per cent of the methionine requirement. 
In respect to most of these amino acids, therefore, a moderate amount of 
interference in availability (as by an antitrypsin) might be compensated by 
the surplus amount present. The same degree of interference with an amino 
acid which is already at a marginal or deficient level may be much more seri- 
ous. In the case of the young chick, the ‘‘maintenance”’ requirement for ami- 
no acids is about 30 per cent of the total needed for maximal growth (32) 
and if this 30 per cent quota is diverted from the quantity of a deficient 
amino acid, which is subject to proteolytic inhibition interference as well, 
it may be seen that the relative proportion of the deficient amino acid which 
is available for growth dwindles very rapidly. 

It has long been customary to regard a dietary factor as insufficient for 
growth if the test animal fails to show a gain of protein or of body wieght, 
etc. This custom has often clouded the real issue. Actually, the point of 
zero gain is only one point on a larger scale. It is only the point where net 
gains change in sign from minus to plus, or back again. The true zero point 
of the growth curve, at least in respect to protein utilization, is the point at 
which synthesis of body protein has ceased, and this may be as much as 
30 per cent into the negative zone of weight change. In other words, if there 
is a zero or small negative rate of gain, actually, the synthesis of body pro- 
tein may be proceeding to the extent of nearly 30 per cent of maximal and 
it is incorrect, therefore, to state that the dietary factor concerned is of no 
value for growth (32). 

The time factor in the feeding of protein, amino acids, and energy 
sources.—In studies by Munro (118), the retention of protein nitrogen de- 
creased when the carbohydrate portion of a rat diet was fed several hours 
from the protein, improved markedly when the protein and carbohydrate 
were recombined, then tended to revert to a balance level. Evidently, there 
Was some participation in this relation of a labile reserve of protein in the 
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liver. No comparable changes were observed in similar alterations in the time 
of feeding fat. 

Rose (2) has reported that higher simultaneous caloric intake by humans 
is required to spare the nitrogen of a protein digest, as compared to the intact 
protein. Since some ingested amino acids are undoubtedly utilized for energy 
under any circumstances, it is not surprising that other energy sources will 
exert a sparing action on amino acids. Evidently, ingested free amino acids, 
which are more rapidly absorbed than those from ingested protein, are more 
rapidly vulnerable to metabolic losses and require even more protection from 
carbohydrate. The general nutritional inferiority of a-mixture of amino acids 
or of a hydrolyzed protein, as compared to a comparable intact protein, has 
been discussed elsewhere (32, 84). 

Oral feeding of a protein hydrolysate to protein-depleted-plasmapheri- 
sized dogs resulted in better retention of nitrogen, as compared to intra- 
venous feeding, according to Alper et al. (119). Relatively more of the nitro- 
gen taken by the intravenous route appeared to be utilized for plasma pro- 
tein regeneration, but this amount was, at the most, only 6.7 per cent of the 
nitrogen intake. It is doubtful whether the utilization of nitrogen within this 
small fraction can be classified accurately. The depleted dogs showed the 
usual symptoms of edema, lassitude, and lowered plasma protein levels. 
The poorer utilization of nitrogen by the parenteral route is not surprising, 
since in this method it is almost impossible to feed at the same time the other 
components of a balanced diet, especially energy sources, in sufficient quan- 
tity with the protein. Intravenous feeding frequently leads to considerable 
discomfort of the animals, as well as some outward signs of temporary illness, 
such as vomiting. 

Wissler et al. (120) divided the essential amino acids about equally into 
two otherwise complete rat diets containing the nonessential amino acids. 
Force-feeding these diets, alternated at 12-hour intervals, to adult rats led 
only to weight loss and negative nitrogen balance. Rats on a similar control 
diet containing all the amino acids were able to maintain weight and nitrogen 
balance. This result reaffirms the generally accepted view that all essential 
amino acids, in adequate proportions, must be ingested simultaneously for 
efficient utilization. 

Adult rats kept on a diet free of tryptophan were able to maintain weight 
when the tryptophan was given with the diet, but not when the supplement 
was delayed. Delayed supplementation with tryptophan did not prevent 
the conversion of this amino acid into niacin (121). It was pointed out by 
Geiger et al. (122) that the formerly regarded specific relation of vitamin Bg 
to this conversion has now been demonstrated with numerous vitamins, 
including those in cod liver oil. 

Dietary restrictions applied to adult rats included limited intake of nor- 
mal diet and two low protein diets. Weight loss in 93 days amounted to 
28 to 38 per cent. Recovery nutrition included isocaloric high protein, high 
carbohydrate and high fat diets, ad lib. Regardless of preceding form of 
restriction, the high-fat diet promoted fastest weight recovery and the high- 
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protein diet the slowest (123). Caloric efficiency during repletion was higher 
than that of controls. Carcass analyses were not made and might have con- 
tributed more to this study. 

The time factor in protein nutrition has been reviewed by Geiger (124). 


Fats AND Fatty Acips 


The essential nature of fats and fatty acids has been the subject of re- 
newed interest. When butter fat, corn oil, soybean oil, and coconut oil were 
fed to rats at dietary levels of 10, 28, and 35 per cent, rats gained best on the 
highest butterfat and the lowest corn oil levels. The digestibilities and effi- 
ciencies of utilization of these two fats were high and relatively constant 
regardless of the level fed. Changes in soybean and coconut oil levels had 
little or no effect. These observations by Barki et al. (125) indicate that differ- 
ent fats are not comparable for growth, even when fed at the same levels. 

Deuel e¢ al. (126) kept rats on a fat-free diet for 12 weeks. Eczematous 
lesions of feet and tail and cessation of growth were observed. Injection of 
growth hormone at this time was without effect. Linoleic acid or methyl 
linoleate caused quick resumption of growth. Cottonseed oil at 10 per cent 
of the diet stimulated best growth. In continued studies it was found that 
male rats required over 50 mg. of linoleic acid daily, while females required 
only 10 to 20 mg. Linolenic acid was only slightly growth-promoting when 
fed alone to fat-depleted rats, but when fed with some linoleic acid was 
equivalent to the latter for growth. Evidently, linoleic acid was essential 
for the utilization of linolenic acid [see also Widmer & Holman (257)]. Greater 
growth was obtained on 30 per cent cottonseed oil diets than with any dos- 
ages of the purified fatty acids (127). Deuel et al. (128) have reported that 
rats maintained for 25 generations on the Sherman diet containing either 
butterfat or hydrogenated vegetable fat showed no significant differences in 
growth, reproduction, lactation or calcium retention that could be related 
to the kind of fat in the diet. Rieser (258) has demonstrated that dienoic 
and trienoic acids are essential in the diet of the chick. 

A state of chronic essential fatty acid deficiency was produced in adult 
mice without the outward symptoms of acute deficiency. Stress conditions 
such as injury, pregnancy, and x-irradiation precipitated the animals into 
the acute deficiency state (129). Thyroid feeding accentuated the growth 
retardation of immature rats fed a low-fat diet. Survival time was decreased. 
These effects were not observed when the diet contained 30 per cent of 
cottonseed oil (130). 

After placing pullets on diets free of fat or containing 4 per cent cotton- 
seed oil, Reiser (131) observed that the more highly unsaturated fatty acids 
disappeared from egg yolk rapidly with either diet. The oil-supplemented 
diet tended to maintain the egg yolk content of two-double bond acids. 
The hen appeared unable to synthesize polyunsaturated acids from nonfat 
substances, but could synthesize up to five-double bond acids from two- 
double bond acids. Data on production, fertility, and hatchability were too 
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few to demonstrate any significant difference between diets. Similar analyses 
of body fats might have contributed much more to this study. 
Deuel (132) has provided a review of the noncaloric functions of fat in 
the diet. 
VitaMIN E Activity 


Dju et al. (133) added three pure tocopherols to diets of laying hens 
at levels of 100 to 4,000 mg. per week. Eggs were assayed for tocopherols. 
No evidence was found for conversion of y- or 6-tocopherol to the a-form. 
Hens needed about 1.2 mg. of a-tocopherol daily. 

Bratzler et al. (134) reported that the tocopherol content of tissues of the 
young pig, especially liver and body fats, increased with level of tocopherol 
ingested. Tocopherol supplementation caused a shift in type of fatty acids 
in body fat toward a higher proportion of oleic acid and less saturated fatty 
acids. 

The serum tocopherol level of cows and horses was found by van der 
Kaay et al. (135) to bear no relation to sterility in these animals. At least 
6 mg. of a-tocopherol each two days were required by the guinea pig for 
birth of living young and prevention of abortion and hemorrhage. Cod liver 
oil interfered with and green feed enhanced the activity of tocopherol in 
experiments by Farmer et al. (136). Goldhaber et al. (259) observed that 
cod liver oil intensified vitamin E deficiency in chicks, while xanthophyll 
exerted a marked protective action. In Dam’s laboratory (137), cod liver 
oil, as compared to lard in the diet, was unfavorable for the reproduction of 
rats whether the diets were low or well supplemented in vitamin E. The 
two fats affected vitamin E requirement quite differently. Peroxidation of 
highly unsaturated fats appeared to be involved. 

Rats on starvation or low-protein diets developed stomach ulcers if the 
tocopherol content of the diet was also low. Oral but not injected tocopherol 
prevented or cured the lesions. Possibly the antioxidant action of the vitamin 
was important for this effect (76). 

The vitamin E content of many human foods as affected by conventional 
methods of cooking and processing has been surveyed by Harris et al. (138). 
The estimated average per capita intake in the United States is 14 mg. of 
a-tocopherol daily. Engel (139) has also provided tables of tocopherol con- 
tent of foods and has reviewed the status of vitamin E in sclerosis, dystrophy, 
and reproduction in humans. Maximum requirement for vitamin E to main- 
tain blood level was 30 mg. per person per day. No relation of blood levels to 
disease has yet been traced. 


VITAMIN A AcTIVITY 


Natural sources of carotenoid pigments provide the larger part of total 
vitamin A activity in food for domestic animals and humans. 

Carotenoid forms.—All-trans-cryptoxanthin was found by Greenberg 
et al. (140) to have 55 per cent of the potency of all-trans-B-carotene for 
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growth of the chick. This compares closely with a relative potency of 56 to 
60 per cent in rat assays reported by Deuel ef al. (141). Pro-y-carotene 
(poly-cis) and y-carotene (poly-trans) were found by Zechmeister ef al. (142) 
to have the same potency, about 42 per cent that of B-carotene in assays with 
the rat. In the chick, the former compound was more active, having 51 
per cent of the potency of all-trans-B-carotene as compared to 42 per cent for 
the y-carotene, on a growth basis, and more protection against mortality 
(143). The two y-carotenes appeared to become more nearly equal in activity 
at higher’levels of intake. 

For growth of chicks and prevention of symptoms of vitamin A deficiency, 
vitamin A was slightly more active, and a-carotene was about one-half as 
active as B-carotene. Cryptoxanthin was intermediate between a- and B- 
carotene. The relative activities of these carotenoids in the chick were very 
similar to those in the rat (144). Xanthophyll administered in large amounts 
with 6-carotene or vitamin A decreased the tissue storage of vitamin A in 
rats, but had no effect on the rate of disappearance of vitamin A already 
present in tissues. The effect of the xanthophyll was not due to an impairment 
of the conversion of B-carotene (145). 

A liquid chromatogram procedure for separation of carotene isomers has 
indicated that certain B-carotene isomers may constitute as much as one- 
half of the B-carotene content in alfalfa meal. If no correction is made for the 
lower potencies of the isomers, the vitamin A activity of the meal may be 
overestimated by as much as 30 per cent, according to Bickoff & Thompson 
(146). 

Vitamin A was excreted only in traces by infants as compared to 26 per 
cent of 6-carotene excreted in stools. Carotene was more efficiently retained 
at higher levels of intake. Both vitamin A and carotene supported constant 
blood vitamin A levels, but blood carotene varied with carotene intake. 
Excretion of vitamin A increased after feeding carotene, indicating its con- 
version in the intestine (147). In further studies on the site of conversion of 
§-carotene to vitamin A, Cheng & Deuel (148) have found that after B- 
carotene is ingested by the chick vitamin A appears in the intestinal wall be- 
fore it appears in the liver. High concentration of vitamin A in liver does not 
cause a similar elevation in the intestinal wall. The chick, like other species, 
can convert B-carotene in the intestinal wall. This finding has been confirmed 
in all essential particulars with the chick (149), rat and pig (150), and calf 
(151). Chicks depleted of vitamin A until showing distinct incoordination 
and xerophthalmia were given equivalent injections of vitamin A or of caro- 
tene in oil in the breast muscle. Recovery of rate of gain and regression of 
deficiency symptoms took place in the carotene-injected chicks almost as 
fast as in the vitamin A-injected chicks. Carotene-injected chicks after 
recovery had only 260 I.U. of vitamin A and a 6 mg. increment of carotenoid 
pigments per liver, as compared to 28,000 I.U. of vitamin A per liver in 
the vitamin A-injected chicks. This result does not rule out participation of 
the intestinal wall in the conversion, but does show a large difference between 
the chick and rat in the utilization of injected carotene (152). 
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Physiological factors—Week & Sevigne (153) used vitamin A liver 
storage as a criterion for estimating the relative utilization in the chick of 
vitamin A alcohol, vitamin A acetate, and vitamin A natural ester. Wide 
variations were found depending upon form of vitamin and character and 
quality of diluent carrier used for oral feeding. The same technique employed 
with the rat showed that the relative utilization of the different forms of 
vitamin A was greatly affected by the nature and quantity of carrier (154). 
Relative utilization of similar forms of vitamin A in adult humans was esti- 
mated from blood serum levels. The alcohol form was the most efficacious 
in both males and females, although the vitamin A increment in the serum 
was in an ester form irrespective of the form administered (155). This was 
also found to be true with calves and sheep (156). 

It is well known that in conditions such as liver disease, spruce, diarrhea, 
and in newborn infants vitamin A in oil is poorly absorbed. There was 
improvement in absorption when the vitamin was given in fine aqueous dis- 
persion, even in normal animals (157, 158). Vitamin A given in aqueous 
dispersion to humans produced slightly higher plasma vitamin A levels 
than the same dosage given in an oil carrier. Vitamin A palmitate was 
slightly better than the alcohol for elevating the total plasma vitamin A. 
The increase in plasma was mainly in the ester form of the vitamin (159). 
Vitamin A alcohol and vitamin A palmitate in aqueous dispersion given 
orally to children were utilized equally well (160). 

Thiouracil inhibited and desiccated thyroid improved the absorption 
of B-carotene from the intestinal tract of rats. These drugs were found to 
counteract each other (161). No evidence could be found for the claim that 
thyro-active materials accelerate the conversion of B-carotene into vitamin 
A (162, 163). 

It is not surprising that given the same dosage of 6-carotene, small 
rats were able to store more vitamin A than rats twice as large (164). 
Female rats were found to store vitamin A in livers much more readily than 
male rats. This appeared to be a true sex difference and not due merely to 
difference in size or growth rate (165). At low levels of intake, rats stored 
vitamin A in higher concentration in kidneys than in liver. At higher intakes 
the liver increased relatively in vitamin A content (166). Male rats stored 
more vitamin A in kidneys than did female rats (167). In this connection it 
is of interest that blood vitamin A levels tended to be distinctly higher than 
normal in nephrotic children following administration of the vitamin (168). 
Pregnant and hyperthyroid rats retained more total vitamin A activity 
from carotene than nonpregnant controls (169). Tocopherols or natural 
antioxidants given with vitamin A to rats increased the proportion of the 
vitamin dose that was stored in the liver (170). 

Stability.—Effects of certain canning practices on carotene content of 
carrots, peas, and spinach have been studied (171). A preferred moisture 
content for alfalfa meal in sealed storage was found to be 8 per cent because 
the carotene and green color were near maximum stability and there was 
less danger of rapid loss of these features after the seal was broken (172). 
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The comparative values of 54 antioxidants for stabilizing carotene in 
alfalfa meal were studied by Thompson (173). A certain rate of loss of caro- 
tene was observed regardless of antioxidant present. Vegetable oils were 
superior to alcohols, ‘‘cellosolve,” and kerosene as carriers for the antioxidant 
onto the alfalfa meal. Combinations of antioxidants were synergistic to 
some extent. Metal deactivators failed to increase stability. In addition to 
the stability factors studied, it might be suggested that the evaporation 
rates of these compounds may have some relation to their persistency and 
continued ability to protect carotene in storage experiments with alfalfa 
meal. 

Vitamin A added to white corn meal and to a mixed ration was lost to 
about 40 per cent after 2.5 to 3 months at 33 to 36° C in sealed or unsealed 
containers. Very rapid destruction was caused by adding traces of iron, 
copper, cobalt, and manganese as salts to an unsealed sample of vitamin A 
on corn meal. Removal of oxygen gas did not improve stability of the vita- 
min (174). 

On a ration containing 0.75 per cent of alfalfa meal as the source of 
vitamin A activity, chicks grew better when the diet also included lecithin, 
soybean oil, or tocopherols (175). For the protection of vitamin A against 
destruction by oxygen, tocopherols were more effective than lecithin, but 
the combination of the two antioxidants was better than either alone 
(176). These substances also enhance the physiological value of vitamin A 
(170, 176). 

Requirements.—Frey & Wilgus (177) found that liver reserves of vitamin 
Ain laying pullets could not be maintained by feeding 4,400. I. U. of vitamin 
A activity per kg. of ration in the form of carotene in oil, fresh alfalfa, or 
dehydrated alfalfa meal, but were slowly increased when vitamin A was 
fed. Carotene in alfalfa samples was utilized better than purified carotene in 
oil. The total vitamin A plus carotene in eggs was greatest when the alfalfa 
supplements were fed, intermediate with the carotene in oil, and lowest 
with the vitamin A. After nine weeks, egg production was distinctly de- 
pressed in the groups receiving neither vitamin A nor the carotene supple- 
ment. Alfalfa appeared to contain some factor which improved the utiliza- 
tion or stability of carotene (177). It is possible that this factor may have 
been the natural tocopherols in alfalfa since the basal diet was not unques- 
tionably adequate in this respect. Sources of vitamin A potency comprising 
natural vitamin A oil, alfalfa meal, silage, and green feed were employed 
by Thayer et al. (178) at levels to provide 11,890 I.U. or more per kg. of 
ration for breeder hens. Vitamin A in plasma and eggs was relatively con- 
stant and independent of form or level of vitamin activity ingested. Carotene 
in plasma and eggs varied according to carotene intake. Both vitamin A 
and carotene in livers varied according to level of intake. Since all supple- 
mentary levels were much above minimum requirements, there were no 
differences in hatchability or liveability of the chicks from these hens. 

At a vitamin A intake less than 12,000 I.U. per kg. of diet the plasma 
level of vitamin A of young Bronze turkeys was influenced by diet, and 
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liver stores were progressively depleted, as reported by Wharton et al. 
(179). Above this intake plasma vitamin A was nearly constant and liver 
stores were slowly increased. Analysis of growth curves indicated greatest 
response at 16,800 I.U. per kg. diet. The method of analysis did not appear 
to distinguish very definitely between this level and the level of 12,000 I.U. 
for optimal growth. 

Gurcay et al. (180) added crystalline carotene, vitamin A acetate, and a 
cod liver oil at various unit levels to a vitamin A-deficient diet for young 
turkeys of a medium sized variety. For equivalent growth, approximately 
twice as much carotene was needed as of the natural vitamin A or the vita- 
min A acetate. Both forms of vitamin A were much superior to the carotene 
for promoting liver storage of vitamin A. The blood plasma vitamin A of 
turkeys was very inefficiently maintained by carotene. The vitamin A growth 
requirement found, 4,400 I.U. per kg. of diet, is far lower than the estimate 
of at least 12,000 I.U. in studies cited above (179). It is probable that further 
improvements in test diets will lead to better agreement. A preliminary 
report by Kramke et al. (175) states that the young turkey showed optimal 
growth at 4,400 I.U. of vitamin A alcohol, natural esters, or synthetic 
palmitate per kg. of diet, and utilized carotene efficiently only if ample 
tocopherol was also present. Studies with purified diets by Russell e¢ al. 
(181) have indicated that the requirement for normal growth of the young 
turkey is not over 5,000 I.U. per kg. of diet. 

It seems a general rule that plasma vitamin A tends to reach a plateau 
or a very slowly increasing value as the intake is increased in most species. 
This plateau stage is attained independently of form of activity ingested ex- 
cept, perhaps, in the turkey. Plasma carotene varies more widely with caro- 
tene intake. Similarly in egg yolk, vitamin A content tends to show greater 
constancy than carotene content, and this fact is undoubtedly related to the 
relative variabilities of vitamin A and carotene in plasma. On the other 
hand, liver storage of either carotene or vitamin A changes much more 
flexibly with intake, as might be expected if the liver functions primarily as 
a reservoir. Vitamin A content of plasma and of eggs may be superior to 
liver storage as indices of adequacy of vitamin A intake. Liver storage is a 
useful index of requirement at the levels of intake where storage is not 
progressively depleted nor rapidly increased. 

In regard to the general nutritional value of alfalfa, the following reports 
should be mentioned. Lepkovsky et al. (182) have reported the presence in 
alfalfa meal of a factor which may depress growth of chicks. This agent 
could be removed from alfalfa meal with water. The amount of alfalfa 
used, 20 per cent of the ration, is far higher than customary in commercial 
practice, since the fiber content of this feedstuff usually limits its use to 
less than 10 per cent. Peterson (183) has fractionated some growth-depress- 
ing extracts of alfalfa and found that the principle was soluble in aqueous 
ethanol but precipitated by acetone. The growth depression was largely 
counteracted by feeding cholesterol. Hemolytic properties of the inhibitory 
fraction suggested that saponins might be present. Chicks fed diets contain- 
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ing saponin showed growth depression which was overcome by the addition 
of 1 per cent cholesterol and 4 per cent cottonseed oil (184). There is some 
disagreement about the actual presence of a toxic factor in alfalfa meal 
since it has been reported that no evidence of an inhibitor could be observed 
in chick rations containing 12 to 15 per cent of high quality dehydrated 
alfalfa meal (185). A survey of 100 samples of alfalfa meal by Wilgus (186) 
revealed that, when fed at 10 per cent of the ration to chicks, about 20 
samples depressed early growth significantly, while 45 showed no depression 
effect. No evidence was found to involve production conditions. The inhibi- 
tory substance could be removed by water extraction. Fiber content and 
bulk were more important factors in limiting amounts of alfalfa meal to be 
used in practical feeds for chicks. 


Fouic Acip 


Both folacin! and vitamin By. supplements were needed in rat and chick 
diets employed by Schaefer et al. (187). A deficiency of both vitamins as 
compared to either one yielded most severe effects on growth, hemoglobin 
level, and kidney hemorrhage. Both, in addition to choline, were needed to 
prevent perosis. The three factors were interrelated in respect to dietary 
requirement. In this, as in many other examples, the effects observed, 
although distinct, are nonspecific and have been brought about in numerous 
other ways. It is an open question whether many presumably specific 
effects and symptoms that are encountered with dietary modifications are 
more than indirect effects mediated via general growth rate or intestinal 
microorganisms. 

The requirement of the laying hen for folic acid was further investigated 
by Lillie et al. (188), using diets of practical feedstuffs in which the natural 
folic acid was estimated from tables of average composition. Chick assay 
was used to estimate folic acid content of eggs. In agreement with earlier 
reports, the total folic acid activity required for optimal egg production and 
hatchability was found to be in the range of 300 to 400 ug. per kg. of diet. 
Chicks from hens fed the low-folic acid diets showed relatively poor growth, 
poor feathering, and higher early mortality, irrespective of chick diet. 
Male chicks appeared more sensitive than females to the deficiency in the 
maternal diet (189). 

With a highly simplified ration, Sunde et al. (190) found that laying 
hens required folacin at a level more than 250 yg. per kg. of diet to maintain 
a good rate of egg production, while approximately 500 ug. were needed for 
good hatchability, and 1000 yg. for storage of a sufficient amount in the 
newly-hatched chick to permit good growth and survival. Embryonic 
malformations due to maternal dietary deficiency were described. 

In experiments by Couch & German (191) with a simplified diet for the 
breeder hen, the folacin requirement for production appeared to be supplied 


1 Suggested as a more convenient name for pteroylglutamic acid by the Joint Com- 
mittee on Nomenclature of the American Society of Biological Chemists and the 
American Institute of Nutrition. 
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at 20 wg. per kg. of diet. When the carbohydrate was sucrose, 820 yg. folacin 
were required for highest hatchability. With starch as carbohydrate half as 


much folacin was required for the same results. It was suggested that starch 
is more favorable to intestinal synthesis of folic acid in the hen. 


VITAMIN Bi 

The quantities of vitamin Bj. in some natural feeds and foods have been 
the subject of several reports (192 to 195). The data show a wide distribution 
of the vitamin but a marked tendency for a greater abundance in products 
of animal origin. Even commercial casein contains appreciable amounts of 
the vitamin. This distribution is the reason why experimental deficiency of 
the vitamin is difficult to produce except with diets of vegetable feedstuffs. 
An example of the pitfalls in microbiological methods is the report that 
Lactobacillus leichmannii assay of alfalfa meal indicated a vitamin By 
content of 12 to 45 parts per billion but chick assay showed that 85 per cent 
of this activity for the microorganism was due to other growth-stimulating 
substances than vitamin By» (196). 

The principal protein sources used in vitamin By-deficient diets have 
been purified casein or soybean meal. As previously mentioned, these pro- 
teins are deficient in total sulfur-containing amino acids and it is evident 
that this protein defect was not taken into account in the interpretation of 
some of the early work on vitamin By. For example, fish meal, which is a 
practical source of vitamin By, is also a good source of methionine and 
choline, and the results obtained with fish meal were due to a multiple 
supplementation of the diet. Added to this was the further complication 
that some commercial microbiological residues from the preparation of anti- 
biotics proved to be good sources of vitamin By, but also contained appre- 
ciable quantities of antibiotic which, subsequently, was found to exert a 
marked growth stimulatory effect apart from and in addition to that pro- 
duced by vitamin By. For the above reasons it is difficult to consider these 
factors separately when crude sources were employed to supplement diets, 
and attention will be directed primarily to the effects of purified supple- 
ments. 

Gillis & Norris (197) reported that growth of chicks on a labile-methyl 
deficient diet was increased by choline, betaine, or a liver fraction. The active 
principle in the liver fraction was shown to be vitamin By2 (198). Evidently 
this vitamin reduced the need for methylating agents (199, 200). 

Oginsky (201) found that liver tissue from vitamin By deficient rats 
was impaired with respect to ability to form methionine from homocystine 
and choline or betaine. Jukes et al. (202) have shown that chicks cannot 
methylate homocystine efficiently, with choline or betaine present in the 
diet, unless vitamin B, is also given. The rat is able to utilize homocystine 
in methionine-deficient, labile-methyl-deficient diets if they contain vitamin 
Biz (203). It is evident that vitamin Bz may be important for the regenera- 
tion of methionine that has been demethylated as, for example, in the syn- 
thesis of creatine or choline. 
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Vitamin B,2 has been shown by Charkey ef al. (204) to reduce the levels 
of nonprotein nitrogen and of seven individual amino acids found in blood 
of vitamin B,-deficient chicks. Blood methionine levels were particularly 
lowered, while gain in weight was improved. This indicates that the effects 
observed with the seven amino acids could have hinged on the fate of one, 
methionine, but also tends to emphasize the close relation of vitamin By to 
methionine metabolism and methionine requirement. 

A quantity of data has been collected indicating that addition of either 
methionine or vitamin By, to a methionine-vitamin By-deficient diet will 
improve growth, which is much better, however, when both deficiencies are 
corrected (53, 202, 206, 207, 208). 

Vitamin By. was found to exhibit lipotropic activity in reducing the fat 
in livers of rats on a low-protein low-fat diet. Methionine was somewhat 
more effective (205). Methionine, and to a less extent choline or betaine, 
showed a “sparing action” on vitamin Bj: in the chick (207). 

Scott (209) has found that choline supplements to all-plant diets were 
ineffective for complete prevention of perosis in young turkeys unless the 
diet also contained vitamin By. Betaine, glycine, sarcosine, and creatine 
were also beneficial in perosis prevention. 

Briggs et al. (207) have indicated that the requirement of the chick for 
vitamin By: is approximately 11 yg. per kg. of diet. Stokstad et al. (210) 
found that 15 yg. of vitamin By: per kg. of diet or 0.3 wg. injected intra- 
muscularly each week would supply the requirement of young chicks from 
depleted hens. The oral potency of the vitamin was about 50 per cent of the 
injected potency. A fraction from Streptomyces aureofaciens cultures was 
found to have more growth-promoting effect for chicks than indicated by 
its vitamin By. content. 

Eggs laid by hens fed a vitamin B,.-deficient diet were injected with the 
vitamin and the hatchability thereby greatly improved (211, 212, 213). 
The growth, feathering, and survival of the resulting chicks was also much 
improved as compared to controls (211). 

Embryonic abnormalities and malpositions associated with vitamin Bi. 
deficiency in the hen diet have been described by Olcese et al. (214). Egg 
production and hatchability decreased when a simplified diet low in vitamin 
Biz was fed to hens. Results were better when sucrose in the diet was replaced 
by starch, indicating improved intestinal synthesis of the vitamin. Addition 
of commercial concentrates of vitamin By raised production and hatcha- 
bility but not up to the expected normal (215). Injection of vitamin Bi 
into depleted breeder hens restored hatchability of their eggs to an optimal 
value with a dose of 4 ug. per hen per week (216). 

Rearing of chickens under germ-free conditions and on sterilized diets 
containing crystalline or synthetic forms of B vitamins, rather than the 
formerly employed crude concentrates, has been reported by Reyniers 
et al. (217). It is fortunate that vitamin By., although not distinctly provided, 
was undoubtedly present in the casein in the diet. 

The young pig responded by equally increased growth when given crystal- 
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line vitamin By: or an antipernicious anemia liver extract by intramuscular 
injection. Succinylsulfathiazole was used in the diet to inhibit intestinal 
synthesis of vitamin By. Detailed studies of the blood picture were made 
(218). In a similar investigation, young pigs given vitamin By: by injection 
showed markedly improved growth as compared to control pigs more than 
six weeks old. A tentative estimate of requirement was set at approximately 
15 wg. per kg. of feed or 0.26 wg. per kg. weight daily by injection (219). 
Another investigation made with a simplified diet for young pigs indicated 
an oral requirement of approximately 20 ug. per kg. of dry feed or 0.6 yg. 
daily per kg. of weight by injection. The injection dose was approximately 
half the oral dose (220, 221). 

Vitamin By. deficiency in underdeveloped school children was indicated 
by improvement, following administration of the vitamin, in such respects 
as weight, alertness, vigor, behavior, and appetite (222). 

A decrease in the fat level of the diet increased the growth retardation 
of vitamin By.-deficient mice. This retardation was partly overcome by 
feeding fat or vitamin By. Increases in protein level also intensified the 
deficiency (223). Cobalt deficiency in sheep decreased the vitamin Bis 
content of rumen ingesta and of feces, as indicated by chick assay (224). 

Interrelations between vitamin By2, folic acid, and vitamin C in the 

chick have been studied (225). Succinylsulfathiazole eliminated the effects 
of vitamin C on chick growth and on the other vitamins (226). 
Vitamin Bi, another natural form of the vitamin, has been isolated. 
It exhibits the same potency as vitamin By: for L. leichmannii and for chicks 
; (227). 
, THE ANTIBIOTICS 

Stokstad & Jukes (228) gave chicks 15 to 30 wg. of vitamin By: per kg. 
of diet or 0.4 wg. by weekly injection and found that marked additional 
growth response was obtained with crystalline aureomycin in as small 
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1 amounts as 25 mg. per kg. of diet. Responses were also obtained with 
succinylsulfathiazole, streptomycin and 3-nitro-4-hydroxyphenylarsonic 
2 acid. Growth-promoting effect of the last compound had been previously 
g reported by Bird et al. (229). The growth effect of aureomycin was con- 
n firmed (230, 231) in chick studies which added chloromycetin and penicillin 
d to the list of growth-promoting antibiotics (230). Terramycin, streptomycin, 
n and aureomycin were found to stimulate growth of rats beyond that obtain- 
.- able with vitamin By, (232). 
12 The turkey was found by Stokstad & Jukes (233) to respond more 
al dramatically than the chick to crystalline vitamin Biz plus aureomycin. 
The vitamin alone caused little growth response, while the antibiotic caused 
ts a large response and the combination of both factors a maximal response. 
1e These results with the crystalline supplements were almost exactly dupli- 
rs cated, with the additional finding that there was no apparent sex difference 
d, in growth response to either or both supplements (234). The antibiotic 


caused growth increases of 20 to 27 per cent. 
Growth of pigs, like that of chicks and turkeys, was accelerated but even 
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more markedly, from 40 to 80 per cent, when aureomycin was added to a 
diet fortified with crystalline vitamin B,. (235, 236). In a similar study, the 
growth of pigs was found to be accelerated approximately 50 per cent when 
streptomycin was given (237). Cunha (238) has reported that the antibiotics 
differ in their growth effects with pigs, as compared to chicks, and with 
different basal diets containing vitamin Biz. A corn-peanut meal diet was 
not improved by penicillin, somewhat improved by streptomycin, and 
markedly improved by aureomycin. 

It is obvious that this growth stimulation favors better efficiency in 
utilization of feed. Aside from this advantage, there have been reported 
improved health and survival. A type of diarrhea and enteritis which is 
common among young pigs and causes large economic losses was observed 
with the experimental pigs in most cases except where the antibiotic was 
fed (235, 239, 240). 

The fact that improved growth can be obtained with such widely differ- 
ent compounds as succinylsulfathiazole, aureomycin, and nitrohydroxy- 
phenylarsonic acid indicates that their common antibiotic activity may be 
the cause of the growth effects. The growth improvement takes place even 
in the absence of any infectious disease. These antibiotics are known to 
change the character of the microflora in the digestive tract. Whether this 
means an inhibition of undesirable, or a stimulation of desirable microor- 
ganisms, or both processes, remains to be disclosed. The answer may lie 
either in a higher availability to the animal of certain known nutrients by 
suppression of organisms which consume these nutrients, or a facilitated 
microbiological synthesis of some unknown factors required for growth. Fur- 
ther evidence that the growth activity of antibiotics is localized in the gastro- 
intestinal tract is their lack of activity when given by intramuscular injec- 
tion (241). In contrast to monogastric species, the lamb suffered a deleteri- 
ous effect from aureomycin and a marked unfavorable alteration in the 
character of the rumen flora (242). 

Microbiological synthesis of vitamin B,2 and associated growth factors 
in poultry house litter has been thoroughly studied by Halbrook et al. (243, 
244). The cumulative development of these factors in poultry litter has 
been shown to be a significant influence in chicken growth and hatchability 
when all-plant diets are employed and the animals have access to the litter. 
Presence of ‘‘animal protein factor” activity in cow manure has been known 
for some time. Similar activity in pig and horse manure, but only after incu- 
bation, has been demonstrated (245, 246). At long last there is a scientific 
explanation for the well-known vigor and health of the old-fashioned barn- 
yard chicken! 

OTHER GROWTH FActors 


There appears to be a revival of interest in the growth-promoting effects 
of certain carbohydrates in chick diets. One such effect had been traced 
down through condroitin and natural sources of pentoses to glucuronic 
and gluconic acids and finally to D-arabinose as the most active of the 
simpler compounds tested. This work has been reviewed (247). The increased 
use of simplified diets in which natural carbohydrate sources are replaced 
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by starch, or sugars, has frequently given evidence of the lack of some un- 
identified substance which was present in the natural foods. With such a 
diet there were found indications of a missing growth factor which could 
be provided by corn, autoclaved corn starch, wheat by-products, torula 
yeast or whey (248). It seems possible that the modification of starch by 
dextrinization may bring about the development of carbohydrate deriva- 
tives which become growth-promoting, whereas the starch is not. In this 
connection it should be recalled that glucuronic acid and gluconic acid, both 
derivatives of glucose, are active while glucose is not. 

Presence of an unidentified growth factor in liver, yeast, corn meal, 
and soybean meal was demonstrated with chicks fed a simplified diet con- 
taining glucose as the carbohydrate (249). In another report of work with 
chicks on simplified diets, an unidentified growth factor was found in liver 
residue and soybean meal (250). There are indications that pentose sources 
such as gum arabic are growth-promoting for the guinea pig (251). Growth 
of chicks fed a highly purified ration which could be regarded as complete 
in every known factor required by the chick was found to be improved by 
daily injections of ascorbic acid or of glucuronic acid. Females responded 
more than males (252). 

A possible new factor for rats which was present in a lard distillate made 
under very low pressure but absent from the residue, could not be identified 
with any known dietary factors. It was replaced by yeast, large doses of B- 
carotene or a-tocopherol, but not by linoleic acid (253). 

The “‘citrovorum factor’’ has been identified as another naturally occur- 
ring form of folic acid and is as effective as the latter for promoting growth 
of the chick (254). 

As usual, there are a number of hypothetical factors or new vitamins that 
have been proposed. It is perhaps better to withhold mention of these factors 
until their status with respect to vitamin By, antibiotics, amino acid im- 
balance, certain minerals and certain carbohydrates has been clarified. 

An interesting review of the comparative biochemistry of vitamin func- 
tion has been written by Beerstecher (255). Hogan (256) has prepared a 
comprehensive review of the vitamin requirements of poultry. 
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BIOCHEMISTRY OF CANCER 


By Austin M. BRUEs AND E. S. GuzMAN BARRON 


Division of Biological and Medical Research, Argonne National Laboratory, Chicago, 
Illinois, and Department of Medicine, University of Chicago, Chicago, Illinois 


The wealth of current literature relating to research into the neoplastic 
process continues to yield a large proportion of papers dealing with bio- 
chemical aspects of the problem. This is hardly odd, since biology and pa- 
thology are increasingly studied by biochemical techniques. It is clear, more- 
over, that malignant tumors have one important characteristic in common: 
the continuous, although not necessarily remarkably rapid, synthesis of new 
cells at an approximately constant rate. It is likely that this basic peculiarity 
is biochemical in nature and that, despite the considerable amount of infor- 
mation already acquired in tumor metabolism, it could still be fairly simple. 
Newer techniques are offering some promise in this direction. 

The present reviewers, like many in the past, have accordingly found it 
inexpedient to attempt to cover the entire literature of cancer biochemistry, 
which if broadly interpreted would include over 80 per cent of that of experi- 
mental cancer research as a whole. Instead, certain topics of current interest 
will be given emphasis. 


ENZYME ACTIVITIES 

Aside from the classical discoveries of Warburg on the increased aerobic 
glycolysis in tumors, and those of Greenstein (1) on the low catalase activity, 
the painstaking studies which have been made in the field of enzymes in 
cancer have been rather disappointing. In part, this may be due to confusion 
between two processes: those necessary for the initiation of tumors, and those 
going on in the established tumor. The role of enzymes in the formation of 
cancer has to be studied in the preparatory period. Adams (2) has attempted 
to do this with catalase. Young adult mice were inoculated with sarcoma 37 
which grows rapidly, and the catalase activity of the liver was measured at 
short intervals after inoculation. The enzyme was significantly depressed 24 
and 48 hr. after inoculation before any active growth was observable; the 
activity rose approximately to normal four days later and then fell progres- 
sively until the 14th day, when the lowest limits were reached. (Palpable 
tumors did not make their appearance until four to six days after inocula- 
tion.) The early depression was undoubtedly due to some substance present 
in the injected tumor. The depression of catalase levels in mouse liver follow- 
ing the injection of alcohol-precipitated fractions from tumors (3) supports 
this contention. The late depression might have been due to a similar sub- 
stance produced by the grown tumor. Von Euler & Heller (4), who measured 
the catalase activity of normal liver cytoplasm, found it about equally di- 
vided between the mitochondria and the extra-mitochondrial cell fluid con- 
taining the microsomes; after the tumors had reached a certain size, catalase 
activity was found to be depressed also in the mitochondria. 
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Further studies have been made on the depression of liver catalase in 
tumor-bearing animals. Greenfield & Meister (5) have reported extracts of 
tumors which will depress liver catalase on injection into tumor-free animals. 
Rats with advanced murine leprosy show changes similar to those with im- 
planted tumors (6). A protein-free diet (7) or inanition (8) produces the same 
reaction, and the rate of recovery is similar after refeeding or tumor ablation, 
suggesting that the response to tumor is not due to faulty synthesis of the 
enzyme (7). 

The anaerobic glycolytic activity of tissue homogenates seems to be about 
the same in normal and tumor tissue (9), and the low rates of glycolysis in 
slices from normal tissues are attributed to the inability of slices to accom- 
plish the initial phosphorylation step. Furthermore, homogenates of Flexner- 
Jobling rat carcinoma and of rat brain glycolyzed and esterified phosphate 
at maximum rates at very low glucose levels (25 mg. per cent) and showed 
slight increases at very high glucose levels (1440 mg. per cent), whereas 
homogenates of rat liver, kidney, and diaphragm appeared unable to utilize 
glucose at low levels unless large amounts of insulin were present. The lactic 
dehydrogenase activity of homogenates of certain tumors and of normal 
tissues was measured by determining the rate of oxidation of dihydro- 
diphosphopyridine nucleotide by pyruvate. Primary lung tumors were five to 
seven times more active than normal lung, whereas the activity of rhab- 
domyosarcoma was approximately four times lower than that of skeletal 
muscle (10). 

Succinoxidase and cytochrome oxidase.—The enzyme and nitrogen distri- 
bution in different fractions obtained from centrifugal fractionation of 
ground tissue has shown that the mitochondria and submicroscopic particles 
of mouse hepatoma contain less total nitrogen than that of normal liver, 
whereas the nitrogen content of the nuclei is about the same. Succinoxidase 
and cytochrome oxidase activities of hepatoma are about one-fifth as great 
as those of normal liver. The major portion of these enzymes in both kinds 
of tissues are found associated with mitochondria (11). Evidence from the 
effects of carcinogens on the succinoxidase and oxaloacetic acid oxidase dis- 
tribution suggests that synthesis of mitochondria may be dissociated from 
cell multiplication (12), as might be expected on Potter’s enzyme-deletion 
hypothesis. 

Fatty acid oxidases.—Some time ago, Ciaranfi (13) had observed a failure 
of tumor slices to oxidize fatty acids. Fatty acid oxidation by homogenates 
of normal and neoplastic liver has been studied by Baker & Meister (14). In 
homogenates prepared according to Lehninger (15) they found that trans- 
planted hepatomas, rat hepatomas induced by butter yellow, and fetal rat 
liver had a considerably reduced capacity to oxidize hexanoic and octanoic 
acids as compared with normal rat liver. A similar reduction has been re- 
ported in liver infiltrated with leukemic cells, the reduction usually corre- 
sponding to the amount of infiltration (16). 

Diphosphopyridine nucleotide-cytochrome-c reductases —The enzyme sys- 
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tem diphosphopyridine nucleotide-cytochrome-c reductase was found to be 
concentrated (in terms of total nitrogen) in the submicroscopic particles, and 
in smaller amounts in the mitochondria of rat liver. In hepatoma, the enzyme 
activity was more concentrated in the mitochondria; the specific enzyme 
activities in all fractions of hepatoma were higher than those of correspond- 
ing preparations of normal liver (17). 

Ribonucleopolymerase.—The ribonucleopolymerase activity in rat liver 
during the precancerous stage (butter-yellow as carcinogen) has been meas- 
ured by Daoust & Cantero (18) who observed during this stage an increased 
activity of the enzyme, reaching a maximum at 90 to 120 days and returning 
to values close to normal with the development of hepatoma. This variation 
in the activity of the enzyme would seem to be related to the ribonucleic acid 
content of the same tissue during the same period of carcinogenesis. 

Alkaline phosphatase—The alkaline phosphatase activity of human se- 
rum in cancer has been measured by the use of adenosinetriphosphate (ATP), 
yeast adenylic acid, and 8-glycerophosphate as substrates. The significant 
increase of the enzyme activity of the serum from cancer patients was not 
influenced by age or sex, nor by the site, type, or degree of malignancy. The 
greatest phosphorus liberation was found in patients with tumors of the liver 
and pancreas, most of whom were jaundiced, and in those with cancer of the 
genito-urinary system. Of the three substrates, yeast adenylic acid gave 
most consistent results (19). Evidence is accumulating in favor of the view 
that phosphatases are specific; it would therefore be worthwhile to pursue 
further the study of yeast adenylic acid phosphatase. 

B-Glucuronidase.—Anlyan and Fishman (20) had reported an increased 
activity of B-glucuronidase in human neoplastic tissues. Anlyan et al. (21) 
have measured the enzyme activity of the blood leukocytes. They report 
that in chronic lymphatic leukemia, and in chronic myelogenous leukemia 
the enzyme activity is well below the normal limits and that the values come 
up to normal with successful treatment. The content of the enzyme was high 
in acute myelogenous leukemia and in the terminal stages of chronic myelog- 
enous leukemia. Red blood cells and plasma had practically no glucuroni- 
dase. In Hodgkin’s disease the enzyme activity was normal. The increased 
activity in carcinoma of the cervix is not sufficient to supply a measurable 
excess to vaginal secretions (22). 

Destruction of pyruvic acid by glycolyzing homogenates of Flexner- 
Jobling rat carcinoma was observed (23) but the products were not identified. 
Studies using a C" label indicated no production of oxaloacetate and very 
little decarboxylation. 

Potter & Busch (24) administered fluoroacetate to tumor-bearing rats, 
and failed to observe an increased citrate concentration in liver, blood, or 
tumor, such as occurred in other tissues. The low values in liver were possibly 
associated with acetoacetate formation; in tumor the failure of response was 
thought to be a real deficiency in enzymes leading to citrate formation (the 
Krebs condensation). Miller & Carruthers (25) found a tendency for tumor 





346 BRUES AND BARRON 


citric acid levels to resemble one another more than those of a variety of 
normal tissues, and noted a correlation between citric acid and calcium in 
epidermal carcinogenesis. 

Zamecnik & Stephenson (26) added C™ glucose and CO, to liver and 
hepatoma slices. Liver converted about 0.004 per cent of each to protein; 
hepatoma utilized about twice as much C™ from carbon dioxide and 10 to 30 
times as much from glucose. It was suggested that glucose fragments are 
converted more rapidly to amino acids in the tumor. Winzler and associates 
(27) noted that P* and C"-glucose incorporation into tumors were both less 
sensitive to anaerobiosis than in the case of other tissues. 

The incorporation of labeled amino acids into the protein of tumor tissues 
is still the subject of study. Griffin et al. (28) gave C4H2,NH2COOH (1 uc. 
per 100 gm. body weight) by stomach tube to rats with hepatomas. To 
measure the rate of incorporation of the amino acid, the rats were sacrificed 
at various intervals, the tissues were homogenized, dried on copper disks, 
and counted. Other samples were precipitated with trichloroacetic acid, 
washed with alcohol, suspended in acetone and counted. The noncancerous 
liver fraction incorporated the isotope more rapidly than the tumor. Maxi- 
mum incorporation in the liver homogenates and in the precipitated protein 
occurred within 2 hr. after the administration of the labeled glycine, whereas 
in the tumors (azo dye-induced hepatomas) it occurred 12 hr. later. The 
nucleoprotein fraction from nuclei and cytoplasm of liver tumors also showed 
delayed uptake of the isotope. 


PROTEINS AND NUCLEIC AcIDs 


There are several well-defined changes in the liver and serum proteins 
associated with azo dye carcinoma in rats, such as a firm binding of azo dye 
to liver proteins which precedes actual development of cancer (29), and an 
increased concentration of desoxyribonucleic acid (DNA) with decreased 
concentration of ribonucleic acid (RNA) (30). Depletion of protein stores of 
the body occurs in dogs fed 2-acetylaminofluorene, along with signs of hepatic 
dysfunction (31). Griffin et al. (32) fed acetylaminofluorene to rats and 
thereby produced progressive damage and hypertrophy of the liver with 
corresponding decrease in concentration of DNA, RNA, total N, and ribo- 
flavin. In liver tumors produced by acetylaminofluorene there was a slight 
increase of DNA, a decrease of RNA, and a decrease of total N, whereas the 
serum 6-globulin definitely increased. Feeding 3’-methyl-4-dimethylamino- 
azobenzene to rats produced an increase of DNA and of total N in the nu- 
clear fractions of liver cells and loss of RNA and protein from the large 
granules of the cytoplasm (33). However, determinations of nucleic acids in 
the different fractions of homogenates of rat hepatoma have given different 
results. The DNA content of mouse liver is about the same as that of hepa- 
tomas, approximately 80 per cent being in the nuclear fraction (34). The 
RNA content is also about the same, 52 per cent being recovered in the 
submicroscopic particulate fraction, whereas in hepatoma 40 per cent was 
recovered. The adenosinetriphosphatase content of hepatoma was 60 per 








gu 
ad 
liv 
atc 
10. 
pat 
vee 


the 
live 
live 
rat 
tior 
aci 
anc 
DN 
gla 
tun 


tiss 


stru 
tum 
& B 


live: 


crys 
of 1 





it 
1- 
le 
1e 
1S 
er 





BIOCHEMISTRY OF CANCER 347 
cent of that of mouse liver, the difference being accounted for by the low 
activity of hepatoma mitochondria. The major portion of adenosinetriphos- 
phatase activity of mouse liver was associated with mitochondrial and nu- 
clear fractions, while in hepatomas the nuclear and submicroscopic particu- 
late fractions contained the largest portion of adenosinetriphosphatase 
activity (34). Pentose nucleic acid was isolated from acetone-dried GRCH 
15 fowl sarcoma. In two preparations the yields from 30 gm. were 103 and 
186.5 mg. The infrared spectrum closely resembled that of a protein-free 
commercial yeast ribonucleic acid and differed from that of a commercial 
sodium salt of calf thymus desoxypentose nucleic acid. Hydrolysis with 
0.2 N NaOH (18 hr. at 37°) and chromatographic separation on a starch 
column demonstrated the presence of the pentosides of adenine, guanine, 
cytosine, and uracil. The pentose nucleic acid isolated showed a wide diver- 
gence in composition from a tetranucleotide structure, the molar ratio of 
purine: pyrimidine nucleotide being 4.83: 3.23 (35). Chargaff et al. (36) have 
also determined the nucleotide composition of pentose nucleic acids isolated 
from yeast, liver, and tumor tissue. All preparations of pentose nucleic acid 
from mammalian liver were characterized by a relatively high content in 
guanylic acid and, in most cases, also in cytidylic acid. Thus, when the 
adenylic acid content was taken as ten, the guanylic acid content of swine 
liver was 16.8, that of swine pancreas 22.5, the unaffected portion of carcinom- 
atous human liver, 32.9, that of the cancerous portion, 41.4, and of yeast 
10.1. The same difference was observed in cytidylic acid content: liver, 16.1; 
pancreas, 9.8; unaffected portion of human liver 28.8; metastases, 43.2; and 
yeast, 7.3. 

Cunningham, Griffin & Luck (37) found similar values (6 X 107° ug.) for 
the DNA content per nucleus of hepatoma and precancerous and normal 
liver. P*? is more rapidly incorporated by DNA in hepatoma than in normal 
liver (38), as noted earlier (39); the precancerous liver shows an intermediate 
rate. Nuclear RNA, because of its higher activity than that of other frac- 
tions in these experiments, is thought to be a possible intermediate in nucleic 
acid synthesis (38). A comparable study of normal, pregnancy-stimulated 
and carcinomatous mammary glands (40) showed the highest P*? uptake in 
DNA by the tumor, while the uptake in RNA was highest in the stimulated 
gland. Total nucleic acids of both kinds were higher in the tumor. Mammary 
tumors implanted into fertile hen’s eggs take up P® more rapidly than soft 
tissues of the embryo, but less rapidly than the embryonic skeleton (41). 


STRUCTURAL DIFFERENCES OF PROTEINS 


For a number of years the opinion has prevailed that there must be some 
structural difference between the proteins from normal tissues and those of 
tumors, yet no conclusive evidence has been offered. Indeed, while Mayer 
& Barrett (42) reported that the cathepsins of rat hepatoma and of normal 
liver were serologically different, Kubowitz & Ott (43) discovered that the 
crystalline lactic dehydrogenase isolated from the muscle and from a tumor 
of rat were identical in physical, chemical, and serological properties. 
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Fischer (44) has approached the problem by utilizing the property of growth 
stimulation of fibroblast cultures by homologous blood plasma, in contrast to 
heterologous plasma. In the same manner, peptides of homologous tissue 
are incorporated readily into growing heart fibroblast cultures, whereas pep- 
tides of heterologous tissue are not; the tissue cells must rebuild them before 
they can be utilized by the cells. Heart fibroblasts grown in vitro showed a 
greater rate of growth in the presence of an enzymatic digest of normal tissue 
than in the presence of tumor tissue digest. 

A comparison of the amino acid distribution of normal and tumor tissues 
from six persons showed in the hydrolysates of neoplastic tissue a greater 
quantity of some amino acids, especially glutamic acid, threonine, and tyro- 
sine. The amount of dextrorotatory glutamic acid was greater in normal 
tissues (45). 

Kégl has continued with his investigations on the amino acid metabolism 
of tumors. In one series of experiments, rats with chemically induced tumors 
were given water containing D,O. Protein hydrolysates of the tumors were 
analyzed at different times. Seven days later, the L-glutamic acid of the 
tumor contained 0.48 per cent atoms deuterium in excess, while the D-glu- 
tamic acid contained only 0.06 per cent. Twelve days later, the L-form con- 
tained 0.51 per cent and the p-form, 0.23 per cent. Seventeen days later, the 
L- and the p-forms contained equal amounts of deuterium (46). In the 
second series of experiments, rats with tumors produced by benzpyrene were 
fed pL-glutamic acid containing 7.5 atoms per cent deuterium. After 5 and 
15 days the rats were sacrificed, the tumor proteins were hydrolyzed and the 
deuterium content of the p- and L-forms of glutamic acid was measured. 
L-Glutamic acid contained practically no deuterium, whereas D-glutamic 
acid contained 0.15 and 0.32 atoms per cent deuterium (47). In the third 
series, rats with tumors were injected (subcutaneous injections for four days) 
with DL-glutamic acid containing 4.6 atoms per cent deuterium. On analysis 
of the glutamic acid isolated from the tumors four days later, L-glutamic 
acid contained an average of 0.06 atoms per cent deuterium, while D-glu- 
tamic acid had 0.31 per cent. Injection of deuterio-D-glutamic acid resulted 
in the production of p-glutamic acid with 0.5 atoms per cent deuterium and 
of L-glutamic acid with 0.04 per cent. Injection of deuterio-L-glutamic acid 
produced glutamic acid in protein with no deuterium in the D-form and only 
0.06 per cent in the L-form (48). It can be seen from these experiments that 
the long-standing controversy over the presence of the D-form of amino 
acids in tumors is far from solved. This whole question has been reviewed at 
length by Miller (49), with special reference to isotope dilution studies. 

The serum polysaccharide levels in rats bearing Walker tumor 256 has 
been found to increase with the size of the tumor. Much of this rise was due 
to a polysaccharide associated with albumin, and was determined after 
separation of globulin. Elevation occurred even with an actual decrease in 
the albumin fraction relative to the globulin fraction (50). 

Miller and associates (51, 52) have made a detailed comparative study of 
the composition of mouse muscle and rhabdomyosarcoma. The water content 
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of the tumor is higher and its nitrogen content is lower; phosphorus and ash 
are equal in the two wet tissues. Certain “heavy’’ cytoplasmic particulates, 
electrophoretically homogeneous, are apparently characteristic of the tumor. 
Tumor myosin content is much lower than that of muscle; the myosin and 
heavy particles of tumor appear to be much less asymmetric than those of 
normal muscle. Electrophoretically, there were seven major protein fractions 
in tumor and three in muscle, and only one fraction was common to both. 
Many of these findings may represent the general despecialization of tumor 
cells, but some suggest a more basic difference. 

The uniformity of tumor amino acid distribution has been further con- 
firmed (53). Induced epidermal carcinoma shows an increase in the amount 
of arginine in protein over that found in normal or hyperplastic epidermis 
(54). 

D1aGNostTic TESTS 

The studies of Huggins (55 to 58) on anomalies in the thermal coagulation 
of serum proteins have revived interest in the application of various serologi- 
cal phenomena for the diagnosis of cancer. By measuring the lowest concen- 
tration of serum protein necessary to undergo thermal coagulation under 
certain standard conditions, Huggins et al. (56) found that in 76 (or 92 per 
cent) of 83 patients with cancer a concentration of at least 1.5 gm. per cent 
was required for coagulation. In contrast, in 21 patients (out of 101) with 
no cancer the serum coagulated at levels of 1.5 gm. per cent or less. They 
found furthermore that small amounts of iodoacetate completely prevented 
thermal coagulation at pH 7.4 while traces of mercaptans markedly en- 
hanced it. According to Huggins, there are two types of aggregation which 
link the denatured protein molecules in the coagulum, a three-dimensional 
gel network in the clear clots and a lateral association in the opaque clots. 
At pH 6.9 to 7.4, the presence of one free —SH group per protein molecule 
permitted lateral association of the denatured protein molecules while in- 
activation of this group by —SH oxidants prevented side by side binding 
from occurring. The amount of iodoacetate (IAA) necessary to inhibit co- 
agulation or the “iodoacetate index”’ (uM IAA per cc./gm. per cent serum 
protein) was found to be less than 9 in 97 per cent of patients with cancer. 
Bodansky & McInnes (59) have made a careful study of this reaction as 
applied to patients and have found that patients hospitalized with cancer 
had in general lower IAA indexes than patients with cancer able to attend 
the clinic. Surgery with or without cancer led to a decrease in the IAA index 
during the immediate postoperative period; administration of adrenocortico- 
tropic hormone (ACTH) also led to a decrease in the IAA index, which rose 
again when administration was discontinued. Similar negative results have 
been reported (60, 61). 

Jensen & Huggins (62) have studied the defect in serum albumin in cancer 
and conclude from various analyses of the protein that these must be super- 
ficial, since elementary analyses show no measurable peculiarity. Sprunt et 
al. (63) describe a technique for making a clear-cut estimate of coagulation 
in the iodoacetate test, and conclude that results are highly reproducible if 
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the test is done carefully. Ponder (64) describes a photometric modification 
which correlates well with the original test and requires only 0.05 ml. of 
serum. 

Huggins and associates (65) have measured the anionic binding of phenol- 
sulfonaphthalein by serum albumin and found it to be deficient in nearly 
one-half of the cancer sera investigated, thus correlating with the iodoacetate 
index. In two cases of multiple myeloma, the dye was bound also by y-globu- 
lin. 

A flocculation reaction between cancer serum and lipids of tumor-bearing 
organs (66), suggestive of an antibody to an endogenous carcinogen, has 
shown a high correlation with clinical status (67). 

Voti Li et al. (68) report experiments which confirm the different be- 
havior of neoplastic and non-neoplastic sera towards lysis of fibrin. When 
serum was treated with chloroform and was diluted from one-half to one- 
eighth, lysis of fibrin occurred with cancer serum and not with serum of nor- 
mal individuals. The higher activity of the chloroform-treated serum is due, 
according to Voti Li and co-workers to the separation from albumin of a lipid 
fraction which has anti-enzymatic activity. No fibrinolytic enzyme was 
found in urine. 

Roskin (69) and Nastinkova (70) suggested the use of Paramecium 
caudatum as a test for the detection of cancer. According to them, the serum 
of cancer patients contains substances very toxic to the protozoa. Although 
all sera showed a toxic effect, that of cancer patients had the higher toxicity 
so that the survival rate and the rate of fission were adversely affected with 
high dilutions of cancer serum. Harrison et al. (71) confirmed the toxicity of 
blood serum for Paramecia but found that it was not closely related to 
cancer. Egan (72), however, had confirmed the observations of the Russian 
investigators. These investigations must be broadened in order to isolate the 
factors responsible for the toxicity. 

The existence of a possible correlation between the zinc content of the 
liver and blood and the presence of cancer has been pointed out by Addink 
(73) who reports an increased zinc content in the blood and the tumor tissue 
of cancer patients. 

A good review of diagnostic tests for cancer has been written by Hom- 
burger (74). 


ON THE MECHANISM OF ACTION OF CARCINOGENS 


The number of biological effects common to many carcinogenic agents of 
seemingly different chemical structure has attracted the attention of in- 
vestigators for some time and efforts have been made to find in them some 
common property resulting in a common biological action which would end 
in the production of cancer. 

In studies made during the last war on the mechanism of action of ioniz- 
ing radiations, Barrén (75), in view of the many common effects produced by 
x-rays, sulfur mustards, and nitrogen mustards, postulated that the main 
biological effect of ionizing radiations (not the only one) in doses below the 
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lethal dose was that of oxidation of sulfhydryl groups. In fact, Barrén et al. 
(76, 77) found that sulfhydryl-containing enzymes such as adenosinetriphos- 
phatase, phosphoglyceraldehyde dehydrogenase, and succinoxidase, were 
readily inhibited by moderate doses of x-rays, activity being restored on addi- 
tion of thiols such as reduced glutathione. The extreme sensitivity of thiols 
to ionizing radiations was shown by the high ionic yield obtained on oxida- 
tion of these compounds, oxidation being due to the free radicals OH and 
OsH and to H2O: formed on irradiation of water containing dissolved oxygen. 

2RSH + 20H — RS—SR + 2H,0 

2RSH + 20.H — RS—S—R + 2H20, 

2RSH + H.O2-+ RS—SR + 2H:O 

The contribution of H:O2 was eliminated experimentally by destroying 
H.O: with catalase, and that of O.H radicals by exclusion of oxygen. Fixed 
—SH groups (fixed to the side chain of proteins) are important for a number 
of processes of biological importance such as enzyme actions, binding of pro- 
teins, polymerization, etc. Sulfhydryl groups of nonprotein nature, the circu- 
lating —SH groups, act as regulators of cellular metabolism and of growth 
(78, 79). Oxidation of —SH groups in proteins may lead to polymerization if 
(a) the number of —SH groups in the molecule is small, or if (6) the —SH 
groups are situated too far apart to produce an intramolecular —S—S—bond. 
A protein dimer, protein—S—S—protein, would be produced. 

It is conceivable that such a dimer formation might occur on oxidation 
of —SH groups of certain chromosomes [according to Davidson & Lawrie 
(80) chromosomes are poor in —SH groups] and that such oxidation might 
be responsible for somatic mutations concerned in the initiation of cancer. 
The oxidizing power of the free radicals OH and OH, as well as that of 
HO: is, of course, not limited to —SH groups. Barrén & Flood (81) found 
that they readily oxidize ferrocytochrome-c, and the chromophore groups of 
pyrimidines, of ATP, and of nucleic acids. Decrease of the absorption band 
at 2600 A was diminished on irradiation in the absence of oxygen (82). The 
action of free radicals on nucleic acids has been shown by chemical formation 
of OH radicals on the reaction of H.O2 and ferrous salts: 

HO, + Fe++ > HO + Fe+++(OH-) 


The radicals thus formed were very effective in degrading DNA as shown by 
viscosity changes (83). These radicals can also oxidize benzene to diphenyls 
and phenols (84). Further evidence in support of the postulate that mutations 
are produced by oxidations with peroxides, and with the radicals OH and 
O2H, has been obtained from experiments on increased mutation rates in 
bacteria (85, 86) on chromosome abnormalities (87), and in experiments on 
the effect of oxygen (absence of which suppresses O2H and H.O, formation) 
on the rate of chromosome breaks (88, 89) and of induced mutations (90) on 
x-irradiation. 

According to the theory of Michaelis (91) of compulsory univalent oxida- 
tion there is, during the oxidation of organic compounds, an intermediate 
formation of free radicals, the life of which might increase on combination 
with proteins. These radicals may also be effective agents in the production 
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of somatic mutations or of cancer. Furthermore, the continuous production 
of H2O2 in cells during enzymatic oxidations would also be a potential source 
of oxidation if, for some reason, the catalase content of tissues were dimin- 
ished. The great chemical reactivity of the carcinogens has been the subject 
of theoretical speculation and it has been postulated that there exist regions 
of high electron density (K region) capable of ready reaction (92, 93, 94). 
The demonstrated oxidation of phenanthrene in rats and rabbits (95) indi- 
cates that during the oxidation process an intermediate free radical must 
occur with powerful oxidizing action which may be responsible for the induc- 
tion of cancer. In fact, Calcutt (96) has reported that 3,4-benzyprene is 
effective in inducing the oxidation of —SH groupsin a variety of compounds, 
itself undergoing oxidation during this process. From an experiment, in 
vitro, with thiols, Calcutt isolated compounds comparable to 8,9-dihydroxy- 
8,9-dihydro-3,4-benzpyrene (I). 


OH 


OH 


I 


It may be added that Crabtree (97) found that substances which combine 
with —SH groups could partially inhibit the carcinogenic action of 3,4- 
benzpyrene, and that Rondoni & Barbieri (98) report that papain and 
cathepsin (—SH enzymes) are inhibited by the carcinogens benzpyrene, 
acetylaminofluorene, and aminofluorene, whereas the noncarcinogen hydro- 
carbons phenanthrene, anthracene, and pyrene have no such effect. 

If somatic mutations are produced by action on genes requiring —SH 
groups for activity, other agents besides oxidizing agents will produce the 
same effect. Such is the case with mustards, which readily combine with 
—SH groups, and might be the case with some carcinogenic agents. In fact, 
as long ago as 1940, Wood & Fieser (99) demonstrated that several carcino- 
genic hydrocarbons reacted with RSH groups as in II. 
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The notable experiments of Tannenbaum (100, 101, 102) on the preven- 
tion of experimental cancer by a diet deficient in fat and acceleration of the 
appearance of tumors by increasing the fat content of the diet might find an 
explanation in the increased formation of peroxides during the oxidation of 
fats which proceeds by successive formation of two-carbon residues and 
H.O2. 

The ready formation of free radicals among carcinogenic and mutagenic 
substances has attracted the attention of British investigators (103, 104, 105) 
who have also emphasized the role of free radicals. Butler et al. (103) found 
that the radiomimetic agents, nitrogen and sulfur mustards, altered similarly 
the structural viscosity of desoxyribonucleic acid. Butler (106) discussed the 
series of reactions which nitrogen mustards undergo in water, among which 
the radical III might exist as several possible structures (IV, V, and VI). 
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Existence of these forms would explain the dimerization and condensation 
reactions which occur in nitrogen mustards. It may be recalled that electron 
displacements, as those indicated, in which electrons of a long pair are 
donated to an acceptor atom have been suggested (107, 108). Butler suggests 
that the biradical III might be the most potent agent. Radicals of this kind 
are formed in the ethylene imine derivatives which, as it will be seen, are 
being assayed both as carcinogenic and anticarcinogenic agents. Similar radi- 
cals are formed in sulfur mustards, VII, 
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in the carcinogenic epoxides (109), IX, and 


R:C:C: 


0; 


b>. 4 


in stilbenes, also known to be carcinogens, X. 


x 


The degradation of ribonucleic acid, and the inactivation of tobacco mosaic 
virus by blue light in the presence of the fluorescent dye, acriflavin (110), and 
the increased mutation rate produced by this dye (111) may also be due to 
the same action. In fact, according to the theories of Lewis (112) on color and 
fluorescence, all molecules with double bonds have excited states in which 
one of the double bonds is broken. These states are biradicals with one pair 
of electrons having double spins. 


RELATION BETWEEN CARCINOGENIC AND CARCINOLYTIC AGENTS 


It is well known that many of the agents that have been used or have 
shown promise in cancer therapy will also induce cancer and mutations, and 
will injure cell nuclei. The remarkable relation between carcinogenic and 
carcinolytic activity is seen rather widely and, of course, has its prototype in 
ionizing radiation; yet agents appear to act through quite different mecha- 
nisms. Some (like the x-ray) have well-marked mutagenic properties and 
act on the nucleus and chromosomes; these radiomimetic agents cause tumor 
regression, at least in considerable part, as the result of nuclear damage. 
Other agents cause nuclear damage or poison the mitotic cycle in other ways. 
It is of interest that the above agents are generally rather specific for blood- 
forming organs and for tumors derived therefrom. 

In other cases, especially in the hydrocarbon carcinogens, a rather non- 
specific growth-inhibiting action is seen. Other mechanisms probably exist 
in the hemorrhage-producing agents and the hormones. Certain structural 
inhibitors of growth are under wide investigation at present. 

In seeking a common explanation of carcinogenic and carcinolytic action, 
the somatic mutation offers a partial answer, assuming that one step in 
carcinogenesis may be the induction of a rather specific mutant, while in 
carcinolysis (as suggested on cytological grounds) a rather widespread va- 
riety of nuclear changes occur which appear incompatible with indefinite cell 
multiplication. Where inhibition of growth is associated with carcinogenicity 
it may be pertinent to suggest, based on the foregoing discussion, that growth 
inhibition may be attributed to inhibition of circulating sulfhydryl groups 
and tumor induction (or the ‘‘mutation phase”’ of it) to action of the —SH 
groups of genes. 
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The present review does not attempt full coverage of carcinogenesis or 
cancer therapy. Several recent reviews of the latter subject are available 
(113-116). 

Mustards and related compounds.—Nitrogen mustards, first used in the 
treatment of lymphoma and allied diseases (117) have been shown by Boy- 
land & Horning to possess carcinogenic activity (118). Nitrogen and sulfur 
mustards were noted by Heston (119), using two to four injections of 
1 wg. per gm., to increase the incidence of lung tumors in A strain mice. 

The ethylene imine derivatives whose mechanism of action is similar to 
that of nitrogen mustards have been tested extensively. Lewis & Crossley 
(120) report that triethyl-imino-3-triazine and hexamethylene-diethylenurea 
brought about considerable retardation of growth of transplantable tumors 
in mice when added to the diet. Other compounds showing retardation of 
tumor growth in preliminary studies were 2,4-diamino-6-ethylenimino-s-tri- 
azine, 2-amino-4,6-diethylenimino-s-triazine, 2,4-diethylenimino-6-pheny]-s- 
triazine, tolylene-2,4-diethylenurea, octadecylethylenurea and 2-ethy]- 
enimino-4,6-dimethoxy-s-triazine. The derivatives 2,4-6 triethylenimino-s- 
triazine, 2,4-diethylenimino-6-amino-s-triazine and hexamethylenediethyl- 
enurea prolonged significantly the survival time of mice injected with trans- 
plantable leukemia AK4. Slight therapeutic effect was observed with 2,4- 
diethylenimino-6-phenyl-s-triazine, hexahydro-1,3,5-tris (methyl acryl)-s- 
triazine, and tolylenediethylenurea, while 34 other 2,4,6 substituted-s-tri- 
azines had no significant effect (121). Rose et al. (122) found that 2,4,6-tris- 
ethylenimino-1,3,5-triazine produced 90 per cent inhibition of the growth of 
Walker carcinoma in rats. 

Dye intermediates.—Several hundred cases of cancer of the urinary blad- 
der have been reported among workers in the synthetic dye industry (all 
these dyes give on oxidation the intermediate semiquinone radicals). In ad- 
dition to the naphthylamines, Boyland & Brues (123) found in 1937 that 
3,4,5,6-dibenzcarbazole was a potent carcinogen in mice, acting on the skin 
and liver. Armstrong & Bonser (124) have given the compound by stomach 
tube to two strains of mice, CBA and Strong A, for 12 weeks. Although no 
bladder epithelial changes were noticed, they found in both strains papillo- 
matosis and carcinoma of the forestomach. Administration of benzidine to 
rats was followed by hepatic injury and cirrhosis. In the surviving rats there 
were found hepatomas and adenocarcinoma of the rectum. No bladder tu- 
mors were encountered (125). 

Amino-azo dyes.—A number of 3’-methyl, chlorine, and bromine deriva- 
tives of 4-dimethyl aminoazobenzene have been prepared by Kuhn & Quad- 
bech (126). When fed to rats for 19 weeks, the first produced grave cirrhosis 
and adenoma; the second produced cirrhosis and no adenoma; while the 
third had no effect. o-Aminoazotoluene, given to male and female mice, pro- 
duced hepatoma more frequently in female mice, although both sexes re- 
sponded equally to the toxic effects (127). 

The chemical cytology of the liver during the response to various amino- 
azo dyes was studied in detail by Price, Potter and collaborators (12, 128). 
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During carcinogenesis with p-dimethylaminoazobenzene, the respiration of 
liver homogenate is depressed due to lowered xanthine oxidase activity, 
which occurred synergistically with a low protein intake. A nondialyzable 
inhibitor of the enzyme was considered to be present in the treated rats (129). 
Studies on an enzyme system in liver catalysing the reductive cleavage of 
dimethylaminoazobenzene have been carried out (130). 

Amino fluorenes.—Interest continues in these compounds, particularly 
2-acetylaminofluorene. The 2,7-diacetyl compound is also active, while 
fluoryl and fluorylidene compounds are relatively inert (131). The location 
of tumors following feeding of 2-acetylaminofluorene is altered by changes 
in the dietary fat intake (132). Thiouracil-induced thyroid hypertrophy is 
enhanced by this compound, while thiouracil suppresses its carcinogenic ac- 
tion on liver (133). The metabolism of 2-aminoazofluorene has been studied 
with the aid of C* tracer (134), and the results indicate that the acetyl group 
is removed metabolically. Studies of the excretion of diazotizable material 
when varying dosages are given show that small amounts are conserved 
fairly well, the proportion thus excreted rising with the amount adminis- 
tered (135). 

Urethane.—Rose et al. (122) have examined 30 simple homologues of 
urethane for their growth inhibiting properties against Walker carcinoma 
256 in rats. Of these, only bis and tris-carbethoxyamine approached urethane 
in efficiency. They also assayed methylalamides, and found trimethylolmela- 
mine an inhibitor of the growth of the tumor as well as of transmissible 
lymphoid leukemia. An attempt to show that certain degradation products 
of urethane produce lung tumors in mice failed in a series of experiments by 
Larsen (136) using ethanol, ammonium chloride and carbonate, sodium bi- 
carbonate, and cyanide. The proliferation of pulmonary epithelial cells at 
one to two weeks after administration of urethane was studied by Rosin 
(137). Type A influenza virus was noted also to stimulate the growth of this 
tissue, but true tumors were not produced (138). 

Colchicine.—This substance has attracted attention since its inhibitory 
action on mitosis was first noted (139, 140). Goldberg et al. (141) have studied 
a series of colchicine derivatives and report toxicity data as well as antimi- 
totic activity. The extent of hemorrhage produced ran parallel to the degree 
of mitotic arrest, and any antineoplastic activity is attributed to its hemor- 
rhage producing properties more than to its antimitotic effect. A curious 
effect of bee venom on colchicine has been reported by Havas (142); bee 
venom delayed markedly the germination of tomato seedlings, whereas 
venom plus colchicine, as compared with colchicine alone, speeded up germi- 
nation. 

Hydrocarbons.—The metabolism of 1,2,5,6-dibenzanthracene has been 
further studied using C™ (143), and 5-hydroxy-1,2-naphthalic anhydride was 
identified in mouse feces as one degradation product. No evidence was found 
for a mercapturic acid derived from 3,4-benzpyrene (144). A protein-bound 
fluorescent compound was found in skin following painting with this carcino- 
gen (145). 
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Acceleration and antagonism.—Shubik (146) has continued to investigate 
the action of croton oil in accelerating tumor development originally de- 
scribed by Berenblum & Shubik (147). This reaction appears specific to the 
mouse; wound healing seems to play a similar role in the rabbit. The ad- 
ministration of 1,2,5,6-dibenzfluorene delays tumor production by 20-methyl- 
cholanthrene (148). Pupating ‘“‘hormone’”’ from insect larvae inhibits carcino- 
genesis from 20-methylcholanthrene painting and 1,2,5,6-dibenzanthracene 
injection in mice (149). 

Hormones.—With pure steroid hormones now available, work on their 
carcinogenic as well as carcinolytic properties is being pursued. Subcutane- 
ous injections (4 mg. per day) of 11-dehydrocorticosterone to mice reduced 
the size of the adrenals, of the tissues related to the lymphoid system, and 
possibly the accessory reproductive organs. The survival period of mice bear- 
ing transplantable lymphatic leukemia P 1534 was increased, and evidence of 
modification of the local lymphatic lesion was observed (150). Mice of the 
CsH strain were treated with 0.5 to 1 mg. daily of cortisone acetate, 13 days 
after the transplant of lymphosarcoma plus a riboflavin-deficient diet. A re- 
duction in the size of tumors was noticeable two days later and at the end of 
four days the tumor was nonpalpable. An early arrest (but no regression) of 
tumor growth was observed in 10 mice given 0.25 mg. cortisone acetate daily. 
Compound A acetate was somewhat less effective. Dihydrocortisone acetate, 
pregnenolone, 21-acetoxy-pregnenolone, progesterone, 11-ketoprogesterone, 
adrenosterone, and 3,11,20-triketo-4,21-diacetoxy-17-hydroxy pregnone were 
inactive (151). The estrogenic compound, 4-hydroxypropiophenone, did not 
modify the development of spontaneous mammary carcinoma in female mice 
of line L but provoked the appearance of this type of tumor in males of the 
same line when given orally for long periods (152). Implantation in the form 
of pellets of 20 mg. of diethylstilbestrol to male hamsters produced malig- 
nant renal tumors 49 to 68 days later. No tumors appeared in female ham- 
sters or castrated males. Addition of cholesterol inhibited tumor formation 
(153). Weekly injections of 0.03 mg. of estrone and estrone benzoate to mice 
produced mammary proliferation in uncastrated female virgins similar to 
that produced in gestation. Male mice, normally tumor-free, became femi- 
nized and developed an increased number of mammary carcinomas depending 
upon the dose. The hormonal effect depended on the strain and the suscepti- 
bility, an indication that the hormone acted rather as a cocarcinogen (154). 
The effectiveness of diethylstilbestrol and 2-acetylaminofluorene is equally 
sensitive to the amount of tryptophan administered (155). 

Pituitary growth hormone, given daily over a 485-day period to Long- 
Evans rats, increased growth and induced lymphoid hyperplasia, resulting in 
pulmonary lymphosarcoma (156). A possible explanation of estrone leukemo- 
genesis was found in mitotic anomalies in tissue lymphocytes; chromosomes 
and nuclei were observed together in some cells, and other anomalies of cell 
division were noted (157). 

Various carcinogenic effects—Irradiation of human skin and wool fat up 
to four erythema doses failed to result in a carcinogen when tested on mouse 
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skin (158). Heavy pile neutron irradiation of cholesterol likewise failed to 
produce detectable carcinogenic activity (159). 

Cigarette smoking was found to be an important factor in the induction 
of human respiratory cancer, especially of the pharynx, larynx, and lung; 
other forms of smoking appear less carcinogenic (160). Growth of mouse 
fibroblasts on heterologous media results in malignant change after 10 to 50 
months continuous cultivation (161). 

Beryllium now appears to be a potent carcinogen (162, 163, 164), being 
active at least in rabbits and mice in the production of osteogenic sarcoma. 
It has been suggested (165) that its inhibitory effect on alkaline phosphatase 
of bone may be important. 

Radioactive carcinogens.—Further studies emphasize the rather protean 
carcinogenic activity of localized and general irradiation. Total-body x-irradi- 
ation of mice of certain strains induces lymphoma with peak incidence about 
200 days after irradiation (166); otherwise, an accelerated mortality is ob- 
served throughout life (167). Analysis of bone tumor induction by Sr*® shows 
a long latent period followed by a morbidity pattern describable in rather 
simple terms (168). The general subject of carcinogenesis by radioisotopes 
has been reviewed (169). Treatments of rats by P® has proven highly effec- 
tive in inducing bone tumors when maximal tolerated dosage is given at 
fortnightly intervals (170). 

The possibility of discovering an agent sufficiently protective against 
radiation illness to make it possible to irradiate tumors more effectively is an 
important one. Protection of tumor-bearing rats from irradiation toxicity by 
cysteine injection, however, also showed evidence (as might be expected) of 
parallel protection of the implanted tumor (171). 


STRUCTURAL INHIBITORS 


Guanazolo.—The successful use of structural analogues as inhibitors of 
enzyme reactions, and as toxic agents, has stimulated their use in experimen- 
tal cancer therapy. An antipurine compound, 5-amino-7-hydroxy-1-H-v-tri- 
azolo [d]pyrimidine (guanazolo, 8-azaguanine) given intraperitoneally to 
C-57 black mice inhibited the growth but did not destroy mammary adeno- 
carcinoma if treatment began one day after transplant; it had no effect when 
treatment started six days later. The compound had no effect in spontaneous 
mammary carcinoma in C3;H (Bar Harbor) mice and in a number of other 
tumors (172). The original tumor against which guanazolo was tested 
(EQO771) has proven sensitive to it in the hands of several experimenters 
(172, 173, 174). This compound has been active also with respect to some 
other mouse breast adenocarcinomas, the Brown-Pearce rabbit tumor (174), 
certain lymphatic leukemias (175) and is ineffective against sarcoma 180 and 
many other experimental tumors (172, 173, 174). The growth inhibition is 
overcome by administration of guanine (175). Guanazolo is ineffective 
against virus infections in the chick embryo, but produces developmental 
anomalies and death in the embryo (176). In the adult mouse, its use results 
in subcutaneous edema and ascites (173). C'-labeled guanazolo is largely 
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excreted in the urine; some concentration of the tracer occurs in nucleic 
acids, but is no higher in tumor than elsewhere (177). Some analogous com- 
pounds have shown activity (173, 178, 179). 

2,6-Diaminopurine.—Of a series of pyrimidines and purine derivatives 
assayed as antagonists of the normal pyrimidine and purine compounds of 
physiological importance, only 2,6-diaminopurine increased the survival 
time of mice having transplantable acute lymphoid leukemia (180). This 
compound was capable of damaging certain mouse tumors in culture more 
than embryo skin or heart, but the reverse was true in the case of the rat 
(181). Adenine reversed the effect; a number of other substances tested did 
not. Introduction of various groups at the 8-position inactivated the com- 
pound (180). 

Folic acid antagonists —Burchenal et al. (182) found that 4-aminopteroyl- 
glutamic acid and certain derivatives of this folic acid antagonist possess the 
ability to inhibit preferentially the production of leukemic white blood cells. 
The antileukemic action of 4-amino-N!°-methylpteroylglutamic acid could 
be blocked almost completely by the prior administration of 10 to 20 times 
as much folic acid (183). When an excess of folic acid was administered to 
leukemic mice (AK4 strain), the leukemic process was speeded up causing 
the animals to die before the untreated controls. Administration of aminop- 
terin (structural inhibitor of folic acid) increased the life span of leukemic 
mice, the antileukemic activity being reversed by the administration of rela- 
tively large amounts of folic acid (184). Similar reversal was found by Goldin 
and associates in the aminopterin-induced inhibition of mice sarcoma 180 
(185); the problem is being vigorously investigated by this group of in- 
vestigators from the National Cancer Institute (186, 187, 188). The impor- 
tant role of folic acid in the synthesis of purines and, in general, in condensa- 


tion reactions of formic acid (189, 190, 191) gives added importance to these 
studies. 


MISCELLANEOUS CARCINOLYTIC AND CARCINOGENIC FACTORS 


Bacterial polysaccharides.—A new source of carcinolytic polysaccharide 
(perhaps identical with others reported previously) is Pseudomonas aerugi- 
nosa (192). Passive immunization of mice against the Serratia marcescens 
polysaccharide has been successful, and the carcinolytic action persists after 
this procedure (193). 

Other compounds.—Nitrofurazone (furacin, 5-nitro-2-furaldehyde) (195), 
a series of phenoxazine dyes (196), and a-peltatin (197) have been shown to 
have growth-retarding or carcinolytic activity. The latter compound also 
reduces cytochrome oxidase and aldolase activity. 

A protein isolated from Aspergillus fumigatus inhibits sarcoma 180, but 
is toxic for mice (194). 

Vitamins recently studied in relation to the cancer problem have been 
biotin and vitamin By. The first, when given daily at a dose of 2 yg. in- 
creased the production of transplantable tumors in mice; the increase was 
more marked when compared with animals treated with avidine, and with 
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sulfaguanidine (198). Vitamin By: markedly enhanced the carcinogenic effect 
of p-dimethylaminoazobenzene in rats fed a methionine-deficient diet (199). 

Infectious agents.—An interesting observation, related perhaps to chemo- 
therapy, is the therapeutic effect on tumors of infections. Further studies 
with the Russian Far-East encephalitis virus (200) have shown a variety of 
responses of several tumors, from complete destruction to lack of response. 
In the latter group, the virus still appears in the tumors. Selective destruc- 
tion of rat sarcoma cells in tissue culture by Eastern equine encephalomye- 
litis has been reported (201). 


INFLUENCE OF DIET 


Further investigations confirm the protective action of caloric restriction 
and the synergistic action of fat feeding on the carcinogenic process (202, 
203, 204). An objection raised to the validity of varying the fat content of 
isocaloric diets—due to the effect of fat on specific dynamic action—(203) has 
been answered by Silverstone & Tannenbaum (204). 


Virus oF Mous—E MAMMARY CARCINOMA 


The possible virus origin of mouse mammary carcinoma was indicated by 
the isolation of particles able to transmit the tumor (205, 206). Passey et al. 
(207) have subjected the milk of tumor-bearing mice to strong ultracentri- 
fugation (113,000 gm.). Injection into CsH mice of the supernatant fluid, 
which still contained particles and the sediment with no particles, produced 
tumors in mice injected with the supernatant, whereas there were no tumors 
in the animals receiving the sediment. The particles became sharply defined 
after fat extraction with petroleum ether in the cold and upon treatment with 
trypsin. 

The milk agent is as concentrated in milk as in mammary tissue, indicat- 
ing that it multiplies rapidly in the course of lactation. At the end-point, 
2.3X10~* gm. of microsome N and 2.5X10~' gm. of PNA phosphorus per 
mouse induces 50 per cent infectivity; the preparations are still considered 
impure (208). 








23. 


24. 
25. 
26. 
27. 
28. 











34. 


35. 


36. 


. Cunningham, L., Griffin, A. C., and Luck, J. M., Cancer Research, 10, 211 (1950) 





BIOCHEMISTRY OF CANCER 361 
LITERATURE CITED 


. Greenstein, J. P., and Andervont, H. B., J. Natl. Cancer Inst., 2, 345 (1943) 

. Adams, D. H., Brit. J. Cancer, 4, 183 (1950) 

. Nakahara, W., and Fukuoka, F., Gann, 40, 45 (1949) 

. Euler, H. v., and Heller, L., Z. Krebsforsch., 56, 393 (1949) 

. Greenfield, R. E., and Meister, A., Cancer Research, 10, 222 (1950) 

. Dounce, A. L., and Shanewise, R. P., Cancer Research, 10, 103 (1950) 

. Appleman, D., Skavinski, E. R., and Stein, A. M., Cancer Research, 10, 498 


(1950) 


. Miller, L. L., J. Biol. Chem., 172, 113 (1948) 

. LePage, G. A., Cancer Research, 10, 77 (1950) 

. Meister, A., J. Natl. Cancer Inst., 10, 1263 (1950) 

. Schneider, W. C., and Hogeboom, G. H., J. Natl. Cancer Inst., 10, 969 (1950) 
. Potter, V. R., Price, J. M., Miller, E. C., and Miller, J. A., Cancer Research, 10, 


28 (1950) 


. Ciaranfi, E., Am. J. Cancer, 32, 561 (1938) 

. Baker, C. G., and Meister, A., J. Natl. Cancer Inst., 10, 1191 (1950) 

. Lehninger, A. L., and Kennedy, E. P., J. Biol. Chem., 173, 753 (1948) 

. Vestling, C. S., Williams, J. N., Jr., Kaufman, S., Maxwell, R. E., and Quastler, 


H., Cancer Research, 9, 639 (1949) 


. Hogeboom, G. H., and Schneider, W. C., J. Natl. Cancer Inst., 10, 983 (1950) 

. Daoust, R., and Cantero, A., Rev. can. biol., 9, 265 (1950) 

. Bernhard, A., and Rosenbloom, L., Proc. Soc. Exptl. Biol. Med., 74, 164 (1950) 
. Anlyan, A. J., and Fishman, W. H., Bull. Am. Coll. Surg., 32, 62 (1947) 

. Anlyan, A. J., Gamble, J., and Hoster, H. A., Cancer, 3, 116 (1950) 

. Fishman, W. H., Kasdon, S. C., and Homburger, F., Cancer Research, 10, 216 


(1950) 


. Stoesz, P. A., Heidelberger, C., and LePage, G. A., Cancer Research, 10, 243 


(1950) 


. Potter, V. R., and Busch, H., Cancer Research, 10, 235 (1950) 

. Miller, H., and Carruthers, C., Cancer Research, 10, 636 (1950) 

26. Zamecnik, P. C., and Stephenson, M. L., Cancer Research, 10, 251 (1950) 

. Winzler, R. J., Krause, R., and Slater, G. G., Cancer Research, 10, 249 (1950) 
. Griffin, A. C., Bloom, S., Cunningham, L., Teresi, J. D., and Luck, J. M., 


Cancer, 3, 316 (1950) 


29. Miller, F. C., and Miller, J. A., Cancer Research, 7, 460 (1947) 
. Masayama, T., and Yokoyama, T., Gann, 34, 174 (1940) 
. Allison, J. B., Wase, A. W., Leathem, J. H., and Wainio, W. W., Cancer Re- 


search, 10, 266 (1950) 


. Griffin, A. C., Cook, H., and Cunningham, L., Arch. Biochem., 24, 190 (1949) 
. Cunningham, L., Griffin, A. C., and Luck, J. M., Cancer Research, 10, 194 


(1950) 

Schneider, W. C., Hogeboom, G. H., and Ross, H. E., J. Natl. Cancer Inst., 10, 
977 (1950) 

Beale, R. N., Harris, R. J. C., Roe, E. M. F., and Thomas, J. F., J. Chem. Soc., 
1397 (1950) 

Chargaff, E., Magasanik, B., Vischer, E., Green, C., Doniger, R., and Elson, D., 
J. Biol. Chem., 186, 51 (1950) 





362 


47. 
48. 
49. 
50. 
51. 


$2. 


61. 
62. 
63. 


64. 
65. 


66. 
67. 


68. 
69. 
70. 
71. 


72. 
73. 
74. 


BRUES AND BARRON 


. Griffin, A. C., Cunningham, L., Brandt, E. L., and Kupke, D. W., Cancer Re- 


search, 10, 222 (1950) 


. Brues, A. M., Tracy, M. M., and Cohn, W. E., J. Biol. Chem., 155, 619 (1944) 
. Albert, S., Johnson, R. M., and Cohan, M. S., Cancer Research, 10, 201 (1950) 
. Galinsky, I., Cancer Research, 10, 642 (1950) 

. Mayer, M. E., and Barrett, M. K., J. Natl. Cancer Inst., 4, 65 (1943) 

. Kubowitz, F., and Ott, P., Biochem. Z., 310, 405 (1942) 

. Fischer, A., Enzymologia, 14, 15 (1950) 

. Mondolfo, U., and Camboni, V., Boll. soc. ital. biol. sper., 26, 131 (1950) 

. Kégl, F., Klein, A. J., Erxleben, H., and van Veersen, G. J., Rec. trav. chim., 69, 


822 (1950) 

Kégl, F., Erxleben, H., Klein, A. J., and van Veersen, G. J., Rec. trav. chim., 69, 
834 (1950) 

Kégl, F., Erxleben, H., Klein, A. J., and van Veersen, G. J., Rec. trav. chim., 69, 
841 (1950) 

Miller, J. A., Cancer Research, 10, 65 (1950) 

Shetlar, M. R., Erwin, C. P., and Everett, M. R., Cancer Research, 10, 445 (1950) 

Miller, G. L., Green, E. U., Kolb, J. J., and Miller, E. E., Cancer Research, 10, 
141 (1950) 

Miller, G. L., Green, E. U., Miller, E. E., and Kolb, J. J., Cancer Research, 10, 
148 (1950) 


53. Roberts, E., and Frankel, S., Cancer Research, 10, 237 (1950) 

. Thomas, L. E., and Steioritz, L. M., Cancer Research, 10, 245 (1950) 

. Huggins, C., Cancer Research, 9, 321 (1950) 

. Huggins, C., and Jensen, E. V., J. Biol. Chem., 179, 645 (1949) 

. Huggins, C., Miller, G. M., and Jensen, E. V., Cancer Research, 9, 177 (1949) 
58. Jensen, E. V., Hospelhorn, V. D., Tapley, D. F., and Huggins, C., J. Biol. Chem., 


185, 411 (1950) 


59. Bodansky, O., and McInnes, G. F., Cancer, 3, 1 (1950) 
. Homburger, F., Pfeiffer, P. H., Page, O., Rizzone, G. P., and Benotti, J., Cancer, 


3, 15 (1950) 

Clifton, E. E., J. Natl. Cancer Inst., 10, 719 (1949) 

Jensen, E. V., and Huggins, C., Cancer Research, 10, 227 (1950) 

Sprunt, D. H., Kyle, W., and Richmond, S. G., Cancer Research, 10, 242 
(1950) 

Ponder, E., Cancer Research, 10, 139 (1950) 

Huggins, C., Jensen, E. V., Player, M. A., and Hospelhorn, V. D., Cancer Re- 
search, 9, 753 (1949) 

Penn, H. S., Cancer Research, 10, 235 (1950) 

Hall, G. C., Penn, H. S., Dowdy, A. H., and Bellamy, A. W., Cancer Research, 
10, 223 (1950) 

Voti Li, P., Mutolo, V., and Caraveglio, R., Enzymologia, 14, 27 (1950) 

Roskin, G., Am. Rev. Soviet Med., 4, 115 (1946) 

Nastinkova, O. K., Compt. rend. acad. sci. U.R.S.S., 43, 360 (1944) 

Harrison, J. A., Sano, M. E., Fowler, E. H., Shelhamer, R. H., and Bocher, C. A., 
Federation Proc., 7, 306 (1948) 

Egan, R. W., Cancer, 3, 17 (1950) 

Addink, N. W. H., Nature, 166, 693 (1950) 

Homburger, F., Cancer, 3, 143 (1950) 





110 
111 


adc 
Wa 














BIOCHEMISTRY OF CANCER 363 
75. Barron, E. S. G., MDDC-484 [Manhattan District Declassified Document 
(1946) ]! 
76. Barrén, E.S. G., Dickman, S., Muntz, J. A., and Singer, T. P., J. Gen. Physiol., 
32, 537 (1949) 
77. Barrén, E. S. G., and Dickman, S., J. Biol. Chem., 32, 595 (1949) 
78. Barrén, E. S. G., Nelson, L., and Ardao, M. I., J. Gen. Physiol., 32, 179 (1948) 
79. Barrén, E. S. G., Advances in Enzymol. (In press) 
80. Davidson, J. N., and Lawrie, R. A., Biochem. J., 43, xxix (1948) 
81. Barrén, E. S. G., and Flood, V., A NL-4467 [Unclassified Document (June 8, 
1950) |! 
82. Barrén, E. S. G., and Bonzell, V., A NL-4531 (Unclassified Document (Aug., 
Sept., Oct., 1950)|! 
83. Butler, J. A. V., and Smith, K. A., Nature, 165, 846 (1950) 
84. Merz, J. H., and Waters, W. H., J. Chem. Soc., 2427 (1949) 
85. Wyss, O., Stone, W. S., and Clark, J. B., J. Bact., 54, 767 (1947); 56, 51 (1948) 
86. Dickey, F. H., Cleland, G. H., and Lotz, L., Proc. Natl. Acad. Sci. U. S., 35, 
581 (1949) 
87. Loveless, A., and Revell, S., Nature, 164, 938 (1949) 
88. Thoday, J. M., and Read, J., Nature, 163, 133 (1949) 
89. Giles, N. H., and Riley, H. P., Proc. Natl. Acad. Sci. U. S., 35, 640 (1949) ; 36, 
337 (1950) 
90. Baker, W. K., and Sgourakis, E., Proc. Natl. Acad. Sci. U. S., 36, 177 (1950) 
91. Michaelis, L., Ann. N. Y. Acad. Sci., 40, 37 (1940) 
92. Daudel, R., Rev. sci., 84, 37 (1946) 
93. Daudel, P., and Daudel, R., Bull. soc. chim. biol., 31, 353 (1949) 
94. Pullman, A., and Pullman, B., Rev. sci., 84, 145 (1946) 
95. Boyland, E., and Wolf, G., Biochem. J., 47, 64 (1950) 
96. Calcutt, G., Brit. J. Cancer, 4, 254 (1950) 
97. Crabtree, H. G., Cancer Research, 4, 688 (1944); 5, 346 (1945) 
98. Rondoni, P., and Barbieri, G. P., Enzymologia, 14, 10 (1950) 
99. Wood, J. L., and Fieser, L. F., J. Am. Chem. Soc., 62, 2674 (1940) 
100. Tannenbaum, A., Arch. Path., 30, 509 (1940) 
101. Tannenbaum, A., Cancer Research, 5, 609 (1945) 
102. Tannenbaum, A., and Silverstone, H., Cancer Research, 9, 607, (1949) 
103. Butler, J. A. V., Gilbert, L. A., and Smith, K. A., Nature, 165, 714 (1950) 
104. Goldacre, R. J., Loveless, A., and Ross, W. C. J., Nature, 163, 667 (1949) 
105. Ross, W. C. J., Nature, 165, 808 (1950) 
106. Butler, J. A. V., Nature, 166, 18 (1950) 
107. Dewar, M. J. S., J. Chem. Soc., 406, 777 (1946) 
108. Walsh, A. D., Nature, 159, 165, 712 (1947) 
109. Loveless, A., and Revell, S., Nature, 164, 938 (1949) 
110. Oster, G., and McLaren, A. D., J. Gen. Physiol., 33, 215 (1950) 
111. Ephrussi, B., Hottinguer, H., and Chiménes, A. M., Ann. inst. Pasteur, 76, 351 
(1949) 
112. Lewis, G. N., and Calvin, M., Chem. Revs., 25, 273 (1939) 
1 Information regarding the availability of these documents may be obtained by 
addressing requests to the Office of Technical Service, Department of Commerce, 
Washington 25, D. C. 


113. 
114. 


115. 
116. 
117. 


118. 


119. 
120. 
121. 


122. 


123. 
124. 


125. 


126. 
127. 
128. 


129. 


130. 
131. 
132. 
133. 
134. 


135. 
136. 
137. 
138. 
139. 
140. 


141. 


142, 
143. 
144. 
145. 
146. 
147. 
148. 


149. 
150. 
151. 








BRUES AND BARRON 


Shimkin, M. B., and Bierman, H. R., Radiology, 53, 518 (1949) 

Brues, A. M., and Jacobson, L. O., Am. J. Roentgenol. Radium Therapy, 58, 
774 (1947) 

Boyland, E., Yale J. Biol. Med., 20, 321 (1948) 

Gellhorn, A., and Jones, L. O., Am. J. Med., 6, 188 (1949) 

Jacobson, L. O., Spurr, C. L., Barrén, E. S. G., Smith, T., Lushbaugh, C., and 
Dick, G. F., J. Am. Med. Assoc., 132, 263 (1946) 

Boyland, E., and Horning, E. S., Brit. J. Cancer, 3, 118 (1949) 

Heston, W. E., Cancer Research, 10, 224 (1950) 

Lewis, M. R., and Crossley, M. L., Arch. Biochem., 26, 319 (1950) 

Burchenal, J. H., Johnston, S. F., Cremer, M. A., Webber, L. F., and Stock, 
C. C., Proc. Soc. Exptl. Biol. Med., '74, 708 (1950) 

Rose, F. L., Hendry, J. A., and Walpole, A. L., Nature, 165, 993 (1950) 

Boyland, E., and Brues, A. M., Proc. Roy. Soc. (London) [B]122, 429 (1937) 

Armstrong, E. C., and Bonser, G. M., Brit. J. Cancer, 4, 203 (1950) 

Spitz, S., Maguigan, W. H., and Dobriner, K., Cancer, 3, 789 (1950) 

Kuhn, R., and Quadbeck, G., Z. Krebsforsch., 56, 242 (1949) 

Andervont, H. B., J. Natl. Cancer Inst., 10, 927 (1950) 

Price, J. M., Miller, E. C., Miller, J. A., and Weber, G. M., Cancer Research, 10, 
18 (1950) 

Westerfeld, W. W., Richert, D. A., and Hilfinger, M. F., Cancer Research, 10, 
486 (1950) 

Mueller, G. C., and Miller, J. A., Cancer Research, 10, 234 (1950) 

Dyer, H. M., Ross, H. E., and Morris, H. P., Cancer Research, 10, 214 (1950) 

Copeland, D. H., and Engel, R. W., Cancer Research, 10, 211, 215 (1950) 

Leathem, J. H., and Barker, H. B., Cancer Research, 10, 231 (1950) 

Weisburger, E. K., Weisburger, J. H., and Morris, H. P., Cancer Research, 10, 
247, 620 (1950) 

Morris, H. P., and Westfall, B. B., Cancer Research, 10, 506 (1950) 

Larsen, C. D., Cancer Research, 10, 230 (1950) 

Rosin, A., Cancer Research, 9, 583 (1949) 

Steiner, P. E., and Loosli, C. G., Cancer Research, 10, 242 (1950) 

Dustin, A. P., Bull. acad. roy. méd. Belg., 14, 487 (1934) 

Brues, A. M., Marble, B. B., and Jackson, E. B., Am. J. Cancer, 88, 159, 190 
(1940) 

Goldberg, B., Ortega, L. G., Goldin, A., Ulliot, G. E., and Schoenbach, E. B., 
Cancer, 3, 124 (1950) 

Havas, L. J., Nature, 166, 567 (1950) 

Heidelberger, C., and Weist, W. G., Cancer Research, 10, 223 (1950) 

Gutmann, H. R., and Wood, J. L., Cancer Research, 10, 8 (1950) 

Miller, E. C., Cancer Research, 10, 232 (1950) 

Shubik, P. A., Cancer Research, 10, 13, 241 (1950) 

Berenblum, I., and Shubik, P. A., Brit. J. Cancer, 1, 383 (1947) 

Wartman, W. B., Shubik, P. A., Hill, W. T., Reeb, B. B., Stranger, D. W., and 
Riegel, B., Cancer Research, 10, 247 (1950) 

Franks, W. R., Bather, R., and Thompson, J. S., Cancer Research, 10, 216 (1950) 

Woolley, G. W., Proc. Soc. Exptl. Biol. Med., 74, 286 (1950) 

Emerson, G. A., Wurtz, E., and Ganetti, M. E., J. Am. Chem. Soc., 72, 4839 

(1950) 





153. 


161. 


162. 


163. 


165. 
166. 


167. 
168. 
169. 
170. 
171. 


173. 
174, 


175. 
176. 
177. 
178. 


179, 
180. 


181. 








159. 
160. 
161. 
162. 


163. 


. Dutra, F. R., and Largent, E. J., Am. J. Path., 26, 197 (1950) 
165. 
166. 


167. 
168. 
169. 
170. 
$Fi. 


173. 
174, 


175. 
176. 
177. 
178. 


179. 
) 180. 





BIOCHEMISTRY OF CANCER 305 


. Lacassagne, A., Chamorro, A., and Buu-Hoi, N. P., Compt. rend soc. biol., 144, 


95 (1950) 


. Kirkman, H., and Bacon, R. L., Cancer Research, 10, 122 (1950) 
. Kaufmann, C., Muller, H. A., Butenandt, A., and Friedrich-Friksa, H., Z. 


Krebsforsch., 56, 482 (1949) 


. Dunning, W. F., Curtis, M. R., and Maun, M. E., Cancer Research, 10, 213, 319 


(1950) 


. Moon, H. D., Simpson, M. E., Li, C. H., and Evans, H. M., Cancer Research, 10, 


297 (1950) 


. Santisteban, G. A., Scheebeli, G. L., and Dougherty, T. F., Cancer Research, 10, 


238 (1950) 


. Snapp, R. H., Niederman, D. J., and Rothman, S., Cancer Research, 10, 73 


(1950) 

Cloudman, A. M., Steiner, P. E., Passonneau, J., Hamilton, K., and Brues, A. 
M. (Unpublished data) 

Schrek, R., Baker, L. A., Ballard, G. P., and Dolgoff, S., Cancer Research, 10, 
49 (1950) 

Sanford, K. K., Earle, W. R., Becker, M. M., and Schilling, E. L., Cancer Re- 
search, 10, 238 (1950) 

Cloudman, A. M., Vining, D., Barkulis, S., and Nickson, J. J., Am. J. Path., 25, 
810 (1950) 

Barnes, J. M., Dentz, F. A., and Sisson, H. A., Brit. J. Cancer, 4, 212 (1950) 


Hoagland, M. B., Grier, R. S., and Hood, M. B., Cancer Research, 10, 629 (1950) 

Brues, A. M., Sacher, G. A., Finkel, M. P., and Lisco, H., Cancer Research, 9, 
545 (1949) 

Sacher, G. A., Sackis, J., and Brues, A. M., Federation Proc., 9, 136 (1949) 

Brues, A. M., J. Clin. Invest., 28, 1286 (1949) 

Brues, A. M., Med. Physics, 2, 465 (1950) 

Koletsky, S., Bonte, F. J., and Friedell, H. L., Cancer Research, 10, 129 (1950) 

Straube, R. L., Patt, H. M., Smith, D. E., and Tyree, E. B., Cancer Research, 10, 
243 (1950) 


. Sugiura, K., Hitchings, G. H., Cavalieri, L. F., and Stock, C. C., Cancer Re- 


search, 10, 178 (1950) 

Sugiura, K., and Stock, C. C., Cancer Research, 10, 244 (1950) 

Gellhorn, A., Engelmann, M., Shapiro, D., Graff, S., and Gillespie, H., Cancer 
Research, 10, 170 (1950) 

Law, L. W., Cancer Research, 10, 186 (1950) 

Youngner, J. S., and Salk, J. E., Cancer Research, 10, 250 (1950) 

Bennett, L. L., Jr., Skipper, H. E., Mitchell, J. H., Jr., and Sugiura, K., Cancer 
Research, 10, 644 (1950) 

Buckley, S. M., Stock, C. C., Crossley, M. L., and Rhoads, C. P., Cancer Re- 
search, 10, 207 (1950) 

Greenberg, D. M., Irish, A. J., and Gal, E. M., Cancer Research, 10, 221 (1950) 

Skipper, H. E., Bennett, L. L., Jr., Edwards, P. C., Bryan, C. E., Hutchison, 
O. S., Chapman, J. B., and Bell, M., Cancer Research, 10, 166 (1950) 


. Biesele, J. J., Berger, R. E., and Hitchings, G. H., Cancer Research, 10, 204 


(1950) 


184. 
185. 


186. 


187. 
188. 
189. 


190. 
191. 


192. 
193. 
194. 
195. 
196. 
197. 
198. 


199. 


200. 
201. 
202. 
203. 
204. 
205. 
206. 


207. 


208. 


BRUES AND BARRON 


. Burchenal, J. H., Biedler, J. L., Nutting, J., and Stobble, G. D., Blood, 5, 167 


(1950) 


. Burchenal, J. H., Johnston, S. F., Burchenal, J. R., Kushida, M. N., Robinson, 


E., and Stock, C. C., Proc. Soc. Exptl. Biol. Med., 71, 381 (1949) 

Skipper, H. E., Chapman, J. B., and Bell, M., Cancer, 3, 871 (1950) 

Goldin, A., Goldberg, B., Ortega, L. G., and Schoenbach, E. B., Cancer, 2, 857 
(1949) 

Goldin, A., Greenspan, E. M., Goldberg, B., and Schoenbach, E. B., Cancer, 3, 
849 (1950) 

Greenspan, E. M., Goldin, A., and Schoenbach, E. B., Cancer, 3, 856 (1950) 

Schoenbach, E. B., Goldin, A., and Greenspan, E. M., Cancer, 3, 864 (1950) 

Gordon, M., Ravel, J. M., Eakin, R. E., and Shive, W., J. Am. Chem. Soc., 70, 
878 (1948) 

Plaut, G. W. E., Betheil, J. J., and Lardy, H. A., J. Biol. Chem., 184, 795 (1950) 

Skipper, H. E., Mitchell, J. H., Jr., and Bennett, L. L., Jr., Cancer Research, 10, 
510 (1950) 

Jacobs, F. A., Cancer Research, 10, 227 (1950) 

Creech, W. R., and Hankwitz, R. F., Jr., Cancer Research, 9, 589 (1949) 

Reilly, H. G., and Stock, C. C., Cancer Research, 10, 236 (1950) 

Friedgood, C. E., and Green, M. N., Cancer Research, 10, 217 (1950) 

Lewis, M. R., Goland, P. P., and Sloviter, H. A., Cancer Research, 9, 736 (1949) 

Waravdekar, V. S., and Leiter, J., Cancer Research, 10, 247 (1950) 

Mardashev, S. R., and Shomin, B. I., Doklady Akad. Nauk. S.S.S.R., 65, 723 
(1949) 

Day, P. L., Payne, L. D., and Dinning, J. S., Proc. Soc. Exptl. Biol. Med., 74, 
854 (1950) 

Moore, G. E., and Stock, C. C., Cancer Research, 10, 233 (1950) 

Gey, G. O., and Bang, F. B., Cancer Research, 10, 219 (1950) 

Engel, R. W., Cancer Research, 10, 215 (1950) 

Boutwell, R. K., Brush, M. K., and Rusch, H. P., Cancer Research, 9, 741 (1950) 

Silverstone, H., and Tannenbaum, A., Cancer Research, 10, 448 (1950) 

Passey, R. D., Astbury, W. T., and Reed, R., Nature, 161, 759 (1948) 

Graff, S., Moore, D. H., Stanley, W. M., Randall, H. T., and Haagensen, C. D., 
Cancer, 2, 755 (1949) 

Passey, R. D., Dniochowski, L., Astbury, W. T., Reed, R., and Johnson, P., 
Nature, 165, 107 (1950) 

Huseby, R. A., Barnum, C. P., and Bittner, J. J., Cancer Research, 10, 516 (1950) 








bec 
gat 
are 
of < 
of z 
tio! 
beli 
tha 
kn 
sec 
lys 


ter! 
COV 
oth 
cin 
pro 
of « 
per 


cor 
tyf 
suc 
cor 


10) 











BIOCHEMISTRY OF ANTIBIOTICS’ 


By Ropert L. PEcK AND JOHN E. Lyons 
Research Laboratories, Merck & Co., Inc., Rahway, New Jersey 


Introduction —The present review has been necessarily limited in scope 
because of the volume of literature in the antibiotic field. Chemical investi- 
gations aimed at establishing structure and configuration of antibiotics 
are in progress, while numerous studies are probing into possible mechanisms 
of action and are gradually providing a clearer understanding of the nature 
of antibiotic activity and the biochemical relationships involved. The atten- 
tion herein given to the chemical aspects of this problem reflects the growing 
belief that common structural bases of antibiotic action are appearing, and 
that biochemical and pharmacological progress requires fundamental 
knowledge of the chemical nature of the compounds concerned. The brief 
section on anti-bacterial substances derived from higher plants and data on 
lysozyme are included this year in line with these considerations. 

Particular interest during the past year has centered on the discovery of 
terramycin and its rapid introduction to widespread clinical use; the dis- 
covery and elucidation of structure of hydroxystreptomycin; the study of 
other antibiotic substances including aureomycin, penicillin, and streptomy- 
cin employed in dietary supplements for animals and resulting growth- 
promoting effects; the observation that mortality resulting from exposure 
of animals to radioactivity may be minimized by use of streptomycin and 
penicillin; and the recognition and characterization of new antibiotics. 

As in previous reviews, the classification scheme is based on increasing 
complexity of elementary composition. Some overlapping of compound- 
types is unavoidable, since many antibiotics represent conjugated molecules, 
such as peptide-quinones, quinone-glycosides, complex thio- and halogeno- 
compounds, and protein-lipid-carbohydrate complexes. 


CoMPOUNDS CONTAINING CARBON, HYDROGEN, AND OXYGEN 


Patulin (Clavacin), C7IIgOs (1).—Additional evidence on the structure of 
patulin leading to independent selection of formula I for this antibiotic has 
been presented by Shemyakin & Khokhlov (2). 

The structure of patulin (I) has now been conclusively established by 
synthesis by Woodward & Singh (3). Condensation of ethyl-mesoxalate with 
tetrahydro-y-pyrone, followed by hydrolysis and heating with acetic anhy- 
dride-acetic acid gave the lactol acetate (II). Conversion of the latter to 
desoxypatulin, (III) had previously provided strong support for structure 
I for patulin (4). Bromination of (II) in carbon tetrachloride with N-bromo- 


1 This review covers the period from approximately December, 1949 to December, 
1950. 
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succinimide in the presence of benzoyl peroxide gave a crude bromination 
product which was allowed to react with silver acetate in acetic acid solution 
to give the diacetate (IV). Patulin acetate (V) was obtained from (IV) by 
reaction with warm acetic anhydride-acetic acid-sulfuric acid (3). The 
conversion of patulin acetate to patulin is well known (5). The structure 
of the diacetate (IV) was confirmed by catalytic hydrogenation and subse- 
quent hydrolysis to give desoxypatulinic acid (Va). 

The physical and chemical properties of patulin acetate obtained from 
synthetic and natural sources were identical, thus satisfactorily establishing 
the structural relationships. 
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A closely related structure (VI) suggested by Engel, Brzeski & Plattner 
(6) as an alternative to (I) for patulin has also been synthesized by Wood- 
ward & Singh (7). This compound possesses theoretical interest in connection 
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with studies on mode of action of patulin and related structures. The syn- 
thesis comprises the reaction of chlorine with desoxypatulinic acid (Va) (8) 
in chloroform solution to give the chlorolactone (VII) and dehalogenation 
of the latter with an equivalent of potassium acetate in anhydrous methanol 
to give allo-patulin (VI). It is of interest that the action of bromine on 
desoxypatulinic acid in chloroform led to bromodesoxypatulinic acid (VIII) 
rather than to a bromolactone. Hot aqueous potassium chloride was found 
to convert (VIII) to chlorodesoxypatulinic acid (IX). Since this chloroacid 
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has previously been converted to patulin (8), these reactions provide a 
second synthetic route to this antibiotic. 

As yet, no report concerning the biological activities of allo-patulin and 
related intermediates has appeared. 

Penicillic acid, CsH, 04 (1).—Recent studies of infrared absorption spec- 
tra by Ford, Johnson & Hinman (9), appear to establish that in the solid 
state penicillic acid exists in the form of the cyclic structure (X) with little 
or none of the tautomer (XI) present. In aqueous solution, both tautomers 
exist, the equilibrium depending on pH. Methyl penicillate showed only the 
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open form (XII) and potassium penicillate predominantly the open form 
(XIII). 

Ultraviolet absorption spectra are considered to be of doubtful value in 
determining whether compounds of this type exist in the cyclic or open- 
chain form. 

Penicillic acid has now been isolated, along with mellein and an as yet 
unidentified antibiotic, from culture fluids of Aspergillus melleus Yukawa 
by Burton (10). 

Citrinin, Ci3f1\405 (1).—Resolution of optically inactive synthetic citrinin 
by means of the brucine salt to give (+)- and (—)-isomerides, of which the 
latter is identical with natural citrinin, has been accomplished by Johnson, 
Robertson & Whalley (13). The synthesis employed optically inactive 
3-(4,6-dihydroxy-o-tolyl)-butan-2-ol. 

Viridin, CigfeO¢ (12).—This highly antifungal substance elaborated by 
Trichoderma viride has been studied by Vischer, Howland & Raudnitz (11). 
Although crude viridin reacts with ketonic reagents, no crystalline deriva- 
tives were thus obtained. Vischer et al. found, however, that Girard’s reagent 
successfully separates the ketonic from the non-ketonic viridin components. 
The ketonic components were resolved to give a@ and B-isomers of viridin. 
Resolution was effected by chromatography with strongly acidic alumina. 
Degradation was observed with neutral or weakly acidic alumina. a-Viridin 
was obtained as fine, colorless needles (dec. 208 to 217°C.). a-Viridin does 
not decolorize bromine in the cold, gives no reaction with Schiff’s reagent, 
and reduces Fehling’s solution and Tollen’s reagent. Recent analyses and 
molecular weight determinations have led to replacement of the previous 
molecular formula (C2oHigQ¢) by CigHieO¢. Analyses of a diacety! derivative, 
Co3H2oOs, and a 2,4-dinitrophenylhydrazone, CogH2xOuN,, from the latter 
add support for the revised formula. Both @ and B-viridin were found to 
have the same absorption spectrum: with coefficients at \ max. 3040 A, of 
13,200; and at A max. 2415 A, of 31,000 (alcohol). The isomers differ only 
in optical activity ({a]j—213.4° (chloroform) for a-viridin, and [a] —50.7° 
(chloroform) for B-viridin) and melting point (a-viridin, 208-217°C.; 
B-viridin, 140°C.). Attempts to separate the a- and B-isomers by paper 
chromatography were unsuccessful. 

Trichothecin, Ci9fl230s (1).—The chemical properties of the antifungal 
substance, trichothecin (14), have been further investigated by Freeman & 
Gill (15) and some additional structural information has been obtained. 
Trichothecin is an ester which forms a 2,4-dinitrophenylhydrazone and a 
hydrochloric acid addition product. Hydrolysis with alcoholic potassium 
hydroxide yielded a ketonic alcohol, trichothecolone (m.p. 182°), CisH20O,, 
and isocrotonic acid. The trichothecin molecule was found to contain two 
ethylenic groups; the ultraviolet absorption spectrum indicates that one of 
these is conjugated with a carbonyl group. 

Actinorhodine, C2sH20u.—A red, crystalline antibiotic pigment, actino- 
rhodine, was isolated from pellicles of a strain of Actinomyces sp. by Brock- 
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mann, Pini & Plotho (16). The pellicle from 27 |. of a 23-day culture 
gave 4.2 gm. of crystals which were active against Staphylococcus aureus at 
a dilution of 1:100,000. The crystals were soluble in aqueous bicarbonate, 
pyridine, and phenol, difficulty soluble in water, alcohol, and acetone, and 
insoluble in ether and petroleum ether. The present study corrects the 
previously reported (17) formula, C2s3H200i0. The molecule appears to contain 
two quinoid oxygen atoms with two phenolic hydroxyls in a-position relative 
to these, at least one additional hydroxyl, two C-methyl groups, and two 
carboxyl groups. A triacetate, C3p9H2sOy4, m.p. 260° (dec.), was obtained as 
yellow needles. Two moles of hydrogen were absorbed in catalytic hydrogen- 
ation, the first mole rapidly, the second slowly. Zerewitinoff determination 
showed five active hydrogen atoms. A naphthoquinone, anthraquinone, or 
phenanthraquinone structure is postulated. 


ComMPouNDs CONTAINING CARBON, HYDROGEN, OXYGEN, AND NITROGEN 


Aspergillic acid, Ci2IT22N202 (1).—The structure of aspergillic acid (XIV) 
has been satisfactorily established (18 to 24). 
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Although synthesis of the naturally-occurring antibiotic has yet to be 
accomplished, a number of homologues and analogues have been synthe- 
sized. These include: pyrazine hydroxamic acids (25, 26); the related pyridine 
(23, 24, 27), pyrimidine (23), and quinoline (23, 24, 27) analogues; cyclic 
hydroxamic acids with five-membered ring (28); and, most recently, cyclic 
thiohydroxamic acids (29). Many of the synthetic analogues are more active 
in vitro than aspergillic acid; N-hydroxy-2-quinolone, N-hydroxy-2-pyridone, 
and N-hydroxy-2-pyridimethione are among the most active of the com- 
pounds tested, possessing activities ranging from 7 to 330 times that of 
aspergillic acid (tested against S. aureus) 

Cycloheximide (Acti-dione*), C\sH3NO, (1).—This antibiotic, an elabora- 
tion product of certain strains of Streptomyces griseus, has previously been 
shown to possess structure (XV). It has recently been reported by Traub 
et al. (30) that cycloheximide is a very effective repellent for rats. These 
animals refused to accept food or water containing this substance and 
preferred to die of starvation and thirst rather than accept water containing 


* Acti-dione is now the registered trademark of the Upjohn Company for this 
antibiotic substance. 
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1 mg. of cycloheximide per 1. The minimum lethal dose for the rat is about 
1 mg. per kg. body weight. 
° 
Cc OH CH, 
cuy-ch ‘cu-CHcH, cf rr 
Hoc CH H,C. NH 
\G 2 aN c” 
CHg Ce) 
XV 

Streptomycin (Streptomyces griseus) CnH39N70,2 (1).—A recent summary Di 
of information on streptomycin, as well as its biological relationship to we 
neomycin, has been given by Waksman (31). cre 

Estimation of amounts of streptomycin in broth filtrates by means of a m: 
carboxylic-type cation exchange resin, Amberlite IRC-50, combined with Px 
a maltol assay has been described by Doery, Mason & Weiss (32). A new of 
turbidometric assay for streptomycin which employs Escherichia coli as ga 
test organism has been developed by Dubost (33). Paper chromatography is 
of streptomycin and related antibiotics has been extended by Peterson & 

Reineke (34). This procedure, combined with the technique of Drake (35) sh 
for photography of bioautographs of paper chromatograms, provides a useful an 
addition to methods for antibiotic screening. 

Crystalline, free dihydrostreptomycin base was prepared by Rhode- We 
hamel, McCormick & Kern (36) by titration of aqueous dihydrostreptomycin an 
sulfate to about pH 12 with barium hydroxide, and by passing an aqueous sa 
dihydrostreptomycin sulfate solution over a strongly basic ion-exchange 
resin in the hydroxyl cycle. Precipitation with acetone gave the base in the mi 
form of an oil which gradually formed needle-like crystals (charring at (4 
240° with gradual blackening). mi 

A new analytical method for dihydrostreptomycin by periodate oxidation an 
and determination of formaldehyde with chromotropic acid reagent was 
described by Colon et al. (37). of 

The application of the anthrone reagent to a colorimetric determination to 
of mannosidostreptomycin has been reported by Emery & Walker (38) and We 
by Kowald & McCormack (39). as 

A toxic derivative of streptomycin, bis-(a-hydroxystreptomycyl)-amine 
(XVI or XVII) was isolated from streptomycin residues by Solomons & ha 
Regna (40). (St) is streptomycin less—CHO (XVI, XVII, XVIII, XIX). an 
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Dilute aqueous solutions of bis-(a-hydroxystreptomycyl)-amine sulfate 
were found to hydrolyze predominantly to streptomycin as judged by in- 
crease in maltol assay, biological potency, and the minimum lethal dose in 
mice. Hydrolysis was accelerated by acid and retarded by alkaline solutions. 
Polarographic analysis showed no wave characteristic of the aldehyde group 
of streptomycin. Hydrogenolysis of bis-(a-hydroxystreptomycyl])-amine 
gave dihydrostreptomycin and streptomycylamine (XIX). Structure XVII 
is preferred for bis-(a-hydroxystreptomycyl)-amine, since this compound 


shows no absorption characteristic for the —-C—=-N— grouping when ex- 
amined in the ultraviolet. 

Synthesis of bis-(a-hydroxystreptomycyl)-amine was accomplished by 
wariming a concentrated solution of streptomycin hydrochloride containing 
ammonia. The presence of some ammonium chloride appeared to be neces- 
sary to effect the condensation (40). 

Bis-(a-hydroxystreptomycyl!)-amine sulfate showed a high toxicity in 
mice (LDo 50 ug. per 20 gm. mouse). It is thought by Solomons & Regna 
(40) that the presence of traces of this compound might be responsible for 
minor variations in the toxicity of different preparations of streptomycin 
and dihydrostreptomycin. 

Lightbown (41) has reported the presence in Pseudomonas pyocyanea 
of an active principle which antagonizes streptomycin and dihydrostrep- 
tomycin [cf., Arquie et al. (273)]. This substance diffused through cellophane, 
was heat-stable, and therefore was not an enzyme. A rapid method for 
assaying such inhibitors by means of the cup-plate technique was described. 

Hydroxystreptomycin, CnH39N7013—A new, streptomycin-like antibiotic 
has been independently isolated and characterized by Benedict et al. (42) 
and by Grundy et al. (43). The crystalline hydrochloride was obtained 
through use of charcoal absorption, chromatography on alumina and 
regeneration from the crystalline helianthate. The antibiotic very closely 
resembles streptomycin as regards optical rotation and biological potency. 
The helianthate gave analytical figures and x-ray diffraction patterns almost 
identical with those of streptomycin helianthate. The same similarity holds 
true with regard to the x-ray diffraction and melting point of the crystalline 
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naphthalene-S-sulfonate salt. Paper chromatography indicated a difference 
(42), and, in fact, was instrumental in the recognition of this new streptomy- 
cin. 

Evidence of a structural difference from the known streptomycins ap- 
peared when hydroxystreptomycin was converted by methanolic hydro- 
chloric acid into streptidine (characterized by x-ray patterns of its sulfate 
and picrate) and a hexaacetate (m.p. 124-125°C.). Analytical figures 
throughout were consistent with the presence of an additional oxygen which, 
due to the isolation of streptidine, must be present in the streptobiosamine 
portion of the molecule. Hydroxystreptomycin, when subjected to drastic 
acid hydrolysis followed by acetylation, gave an acetate identical with 
pentaacetyl N-methyl-L-glucosamine, which is obtained in the same 
manner from streptomycin. It followed, therefore, that the additional oxygen 
must be in the streptose portion of the molecule. Alkaline hydrolysis similar 
to that which gave maltol (XX) from streptomycin yielded a hydroxylated 
maltol, presumably 2-hydroxymethyl-3-hydroxy-1,4-pyrone (XXI) an 
isomer of kojic acid (XXII). Methylation of its ring hydroxyl with diazo- 
methane gave a crystalline methyl ether in which the presence of a remaining 
hydroxyl group could be demonstrated by the formation of a crystalline 
derivative with azoyl chloride. On the assumption that the points of attach- 
ment of the component parts of hydroxystreptomycin are the same as in 
streptomycin, the tentative formula (XXIII) is assigned. 
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The activity of hydroxystreptomycin is also similar to that of strepto- 
mycin (43). A purified preparation assaying 600 units per mg. by a strep- 





lil 


di 








O- 











BIOCHEMISTRY OF ANTIBIOTICS 


aye 
d4O9 


tomycin assay procedure, using streptomycin sulfate as a standard, inhibits 
the growth of Micrococcus pyogenes var. aureus, E. coli, Aerobacter aerogenes, 
Eberthella typhosa, Shigella dysteneriae, Klebsiella pneumoniae, Neisseria 
catarrhalis, Brucella abortus, Mycobacterium tuberculosis 607, Mycobacterium 
phlei, and Corynebacterium diphtheriae in concentrations of from 0.5 to 
5 wg. per ml. in laboratory media. The acute toxicity of hydroxystreptomycin 
is about equivalent to that of streptomycin. However, hydroxystreptomycin 
exhibits rather high ototoxicity and does not appear to be suitable for clinical 
application (44). 

Streptothricin (Streptomyces lavendulae), CoofT3sNs09 (1, 12).—The empiri- 
cal formula for streptothricin has been proposed by Taylor (45) on the basis 
of analyses of crystalline streptothricin helianthate and the amorphous 
sulfate. The sulfate gives positive ninhydrin and biuret tests, a negative 
Sakaguchi test, and an atypical Pauly test. Three basic groups are present; 
free carboxyl groups appear to be absent. Two of the eight nitrogen atoms 
appear to be present as primary amino groups. Hydrolysis of streptothricin 
liberates a total of six of the eight nitrogen atoms as primary amino groups, 
but no carboxyl-nitrogen (ninhydrin-carbon dioxide) was found in the hy- 
drolysate. One mole of carbon dioxide is produced on acid or alkaline hy- 
drolysis, together with a varying amount of ammonia. Streptothricin does 
not react with periodate, but the hydrolysate consumes 0.5 M of periodate 
per mole of nitrogen. Three ninhydrin-positive substances were demon- 
strated in the hydrolysate by paper chromatography. One of these appears 
to possess the empirical formula, CsH14N2O2, but is not identical with lysine. 

Umezawa, Hayano & Ogata (46) have reported that streptothricin- 
resistant strains of E. coli are also resistant to streptomycin. However, 
streptomycin-resistant strains were not resistant to streptothricin-type 
antibiotics. This led to rapid differentiation between streptomycin and 
streptothricin-type antibiotics in screening work. 

Antiobiotic EI; (Streptomyces sp.)—The actinomycete, Streptomyces 
sp. Els, was found by Weiser et al. (47) to produce a basic, water-soluble 
antibiotic substance which resembles streptothricin and actinorubin. Strepto- 
myces sp. EI; is morphologically distinct from Streptomyces sp. A-105 which 
produces actinorubin. Antibiotic EI; is about as toxic as actinorubin to 
which it is similar in antibiotic spectrum and general properties. 

Neomycin (Streptomyces 3535) (1).—In view of the heterogeneous nature 
of the “neomycin complex’”’ (48), Swart, Lechevalier & Waksman (49) have 
employed a 49-plate, alternate withdrawal counter-current distribution 
(pH 7.6 borate buffer-stearic acid-pentasol) as a tentative criterion for com- 
parison of preparations from various sources. It was reported that all of 
the samples of neomycin used for preliminary clinical evaluation appeared 
by this test to be mixtures of several neomycins. 

Purification studies (50, 51, 52) have led to the isolation of at least three 
apparently pure neomycins. Neomycin A was described by Peck, Hoffhine, 
Gale & Folkers (50) as a basic, water-soluble, dextrorotatory, nitrogenous 





376 PECK AND LYONS 


substance, obtained as an amorphous hydrochloride ({a]$+83°), and as a 
crystalline p-(p’-hydroxyphenylazo)-benzene sulfonate (neomycin A-PHA 
salt). When assayed, using B. subtilis test organism in the agar-cup assay, 
neomycin A hydrochloride is quite active (1700 units per mg.); but by the 
turbidometric method with E. coli, the hydrochloride showed only about 50 
units per mg. Neomycin A is evidently a relatively minor component of the 
neomycin complex. 

Neomycin B, isolated by Regna & Murphy (51), is one of the major com- 
ponents of the neomycin complex. This antibiotic possesses solubility proper- 
ties similar to those of neomycin A, but has a lower optical activity, the 
sulfate showing [a]j§+58°. The amorphous sulfate and the crystalline p-(p’- 
hydroxyphenylazo)-benzene sulfonate (neomycin B-PHA salt) are described. 
Analytical data on the PHA salts [A-PHA salt (53): C, 50.42; H, 5.01; 
N, 11.20. B-PHA salt (48): C, 46.20; H, 5.33; N, 10.12] show distinct 
differences in composition between neomycins A and B. 

Two homogeneous neomycins (tentatively designated neomycins I and 
II) have been obtained by Dutcher, Hosansky, Donin & Wintersteiner (52). 
These appear to be isomeric bases, one of which (neomycin I) resembles 


TABLE 1 








Neomycin A Neomycin II Neomycin I Sieemente B 








Properties nye byte aytre- sulfate 
more chloride chloride chloride . (51) 
(50, 53) (52) (52) 

Biopotency in broth 260 u/mg. 

vs. Klebsiella pn. 20u/mg. 180u/mg. 265 u/mg. 255 u/mg. 
Biopotency on agar 

vs. B. subtilis 1700 u/mg. 121 u/mg. 86 u/mg. — 
[a] +83° +80° +54° +58° 
Maltol test neg. neg. neg. 
Fehling’s test ~ reducing neg. neg. neg. 
Tollen’s test | properties 
Elson-Morgan glucosamine 

test neg. neg. neg. 
Sakaguchi test neg. neg. neg. 
Acidic groups neg. neg. neg. 
Carbonyl groups neg. neg. neg. 
Molisch and Carbazole tests 

for carbohydrate residues neg. pos. pos. 
Amino nitrogen All of All of All of 

N =NH.N N=NH:N N =NH.2N 

Ninhydrin test pos. pos. pos. 
Alkali stability high high high 


Acid stability high low low 
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closely the neomycin B described by Regna & Murphy (51). The other 
substance (neomycin II) has now been termed neomycin C. Some of the 
properties of the several neomycins are collected in Table 1. 

Dutcher and his associates (52) have prepared crystalline N-acetyl 
derivatives of the isomeric neomycins B (I) and C (II). The empirical for- 
mula tentatively suggested for the neomycins B and C is CogHsgN Que. 
The N-acetyl derivative of neomycin B showed [a]p+62° whereas that from 
neomycin C showed [a]p+90°. Both were biologically inactive. Methanolysis 
of both neomycins B and C gave the same dextrorotatory base, CgHigN30s 
and a methyl glycoside characteristic of the particular neomycin. Strong 
acid hydrolysis of both methy! glycosides gave furfural and a reducing amine 
hydrochloride showing a positive Elson-Morgan reaction. The latter product, 
as the hydrochloride, from neomycin B showed [a]p+84°; that from neomy- 
cin C showed [a]p+67°. The empirical formula, CsH,4N203-2HCI, corre- 
sponded well with analytical data obtained on the hydrochloride derived from 
neomycin C, 

Some degradative studies have been carried out with neomycin A. 
Hydrolysis of neomycin A in 6 N HCl at 140° for 16 hr. has yielded a frag- 
ment identified by Kuehl, Bishop & Folkers (54) as a meso form of 1,3- 
diamino-4,5,6-trihydroxycyclohexane (XXIV.) The elucidation of this 
structure was accomplished via oxidation with periodate of the N,N’-di- 
benzoyl derivative to the dialdehyde (X XV), conversion of the latter to 
the dimercaptal (XXVI) and hydrogenation of this to give an N,N’-di- 
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benzamido-pentane (X XVII). The latter was shown to be identical with the 
higher-melting synthetic meso isomer of 1,3-dibenzami-a-o-pentane obtained 
(55) via catalytic reduction and benzoylation of acetylacetone dioxime. 

The nitrogen atoms of this meso isomer of 1,3-diamino-4,5,6-trihydroxy- 
cyclohexane (XXIV) from neomycin A must have a cis relationship; and if 
the molecule is biogenetically related to streptidine, which has the all-trans 
configuration (56), its configuration would be all-trans also (54). 

The presence of a diaminopolyhydroxycyclohexane nucleus in both 
neomycin and streptomycin would appear to be of considerable biochemical 
significance. The further study of biochemical and pharmacological implica- 
tions is awaited with interest. 
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Some indication of synergistic action of combinations of neomycin com- 
plex and streptomycin has been noted (57). The toxicity of neomycin com- 
plex and the neomycin components is not yet completely evaluated (58), 
but certain toxic effects have been observed. Comparison of neomycin with 
streptomycin (31) and other antibiotics (58, 59) has been reported. On a 
unit basis, neomycin complex is about four times as.active as streptomycin; 
on a gram basis the activity is about the same (57). Streptomycin-resistant 
tubercle bacilli appear to be sensitive to neomycin complex. 

Terramycin, C22FIe4~2N209.—This antibiotic, which has already found 
application in clinical medicine, was isolated from the elaboration products 
of the actinomycete, Streptomyces rimosus by Finlay et al. (60). The recovery 
of activity from culture filtrates, followed by the turbidimetric assay de- 
veloped by Kersey (61), was effected by extraction into n-butanol and trans- 
fer back into dilute acid to give crude concentrate. Paper strip chromato- 
graphy in n-butanol-acetic acid-water showed an R»y value of about 0.55 
for terramycin, both by agar plate assay and by ultraviolet examination. 
Purification of concentrates by Regna & Solomons (62) who employed chro- 
matography on florosil, water-solvent partition, and finally crystallization 
by careful neutralization of an acidic aqueous solution, gave needles of the 
dihydrate of the base, m.p. 181-182°, [a] —196.6° (in 0.1 N hydrochloric 
acid, [a]#8—2.1° (in 0.1 N sodium hydroxide), and [a]$+26.5° (in methanol). 
The crystals of terramycin dihydrate are biaxial and show parallel extinction. 
Refractive indices are: a=1.634+0.004, B=1.646+0.004, and y=>1.70. 
Potentiometric titration of terramycin revealed the presence of one weakly 
basic and two weakly acidic groups. Ebullioscopic molecular weight deter- 
mination in methanol gave a value of about 440 for the anhydrous base. 
The analytical results obtained with terramycin dihydrate, terramycin 
monohydrochloride, and terramycin disodium salt are in agreement with 
values calculated for the formula, CosHe-2sN2Os, for the free, amphoteric 
base. Qualitative tests for sulfur and phosphorus were negative. Positive 
ferric chloride, Pauly, Friedel-Crafts, Fehling’s and Molisch tests were given 
by terramycin. A phenyl! group and a carbohydrate moiety in the amphoteric 
terramycin are indicated. In pH 4.5 phosphate buffer, terramycin showed 
maxima in the ultraviolet at 2490 A (E 1 per cent/1 cm. 240), 2760 A (E 1 per 
cent/1 cm. 301). With decreasing pH, a shift toward shorter wavelengths is 
noticed, and with increasing pH, a shift toward longer wavelengths. In 
methanol solution, terramycin shows maxima in the ultraviolet at 2650 A 
(E 1 per cent/1 cm. 319) and 3670 A (E 1 per cent/1 cm. 267). The infrared 
spectrum has been reported briefly (59). Terramycin appears to be stable 
in aqueous solutions in the range of pH 3 to 9 at 5°; and in the dry, crystal- 
line state, terramycin and its hydrochloride are not inactivated on prolonged 
storage at room temperature (62). The dry sodium salt is less stable. Terra- 
mycin is less stable to aqueous alkali than to aqueous acid. 

Terramycin is active against a wide variety of microorganisms, including 
gram-positive and gram-negative bacteria, tubercle bacilli, and rickettsia 











fl- 


is- 


to- 


ion 
the 
ric 


on. 
70. 
kly 
ter- 


"cin 
vith 
eric 
tive 
ven 
eric 
wed 
per 
is is 


0 A 
ared 
able 
stal- 
nged 
prra- 


ding 











BIOCHEMISTRY OF ANTIBIOTICS 379 


(63, 64). Toxicity studies in mice have shown the LDso dose, based on pure 
terramycin, to be about 192 mg. per kg. by intravenous administration, 
about 892 mg. per kg. by subcutaneous route, and about 7200 mg. per kg. 
administered per os (65, 66). The therapeutic index is favorable for animal 
and clinical application. 

Terramycin salts are readily absorbed. The amphoteric form is highly 
insoluble and is therefore only slowly absorbed. This property is considered 
a possible asset for treatment of certain infections. A high percentage of 
terramycin is excreted in biologically active form (67). The absorption, 
distribution, and urinary excretion of terramycin in humans has been studied; 
and comparative studies on aureomycin and chloramphenicol in humans 
showed excretion of all three drugs to be similar (68). The antibacterial 
spectra and the blood concentrations produced by oral administration of 
terramycin and aureomycin are very similar (69). 

Rhodomycin (Streptomyces sp.), C22.H23NO7—From culture broths and 
pellicles of an unidentified strain of Streptomyces sp., rhodomycin has been 
isolated as a crystalline perchlorate, m.p. 148° (dec.) by Brockmann & 
Bauer (70). This antibiotic inhibits S. aureus at a dilution of 1:50,000,000. 
Rhodomycin hydrochloride and phosphate are soluble in water giving red 
solutions. Alkaline solutions of the pigment are blue so that alkali-metal 
salts probably exist. The free base may be extracted from water at about 
pH 8.6. Rhodomycin is relativley unstable in both acid and alkali. Mild 
acid hydrolysis yields a red, water-insoluble fragment, CisHisO¢, m.p. 224°, 
which inhibits S. aureus at 1:300,000, and a colorless, water-soluble, inactive 
fragment which contains N-methyl, gives an insoluble picrate and picrolo- 
nate, positive Fehling’s test, and negative Schiff’s test. The red degradation 
product appears to be a naphthoquinone containing an a-hydroxyl group. 
Rhodomycin would thus seem to be a nitrogenous-sugar glycoside of a 
hydroxy quinone. 

Picromycin, C23;Hs3NO7.—Colorless, well-formed crystals of an antibiotic 
substance designated picromycin have been obtained from cultures of an 
Actinomyces sp. by Brockmann & Henkel (71). The active substance is soluble 
in aqueous acid, acetone benzene, chloroform, and ethyl acetate, and is 
sparingly soluble in water, aqueous alkali, carbon disulfide, and petroleum 
ether. Crystallization of free picromycin (m.p. 169-170°) is accomplished from 
methanol. Addition of dry hydrogen chloride to an ethereal solution of the 
base deposits an amporhous hydrochloride. Addition of picric or picrolonic 
acids to an acid aqueous solution of picromycin yields the corresponding acid 
salts. Picromycin is optically active, [a]$+8.2° (c, 3.5 in ethanol) and lal 
—50.2° (c, 6.3 in chloroform), and shows no characteristic absorption in the 
ultraviolet. No methoxyl groups were found. A p-nitrophenylhydrazone was 
formed. 

Picromycin gives no ninhydrin test after hydrolysis. A volatile base is 
produced by zinc dust distillation. A hot, aqueous solution of picromycin 
held at pH 8 at 60° for 12 to 14 hr. gives a crystalline, biologically inactive 
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substance (m.p. 173°) in about 15 per cent yield. The crystals were insoluble 
in water, but dissolved in concentrated sulfuric acid giving an orange solu- 
tion. Analyses of the crystalline fragment corresponded with those calculated 
for the formula C29H3oO;. This substance also formed a p-nitrophenylhydra- 
zone. 

Picromycin shows a certain resemblance to borrelidin, C2sHigsNOg, (72), 
and to antimycin A, CosH49N2Os¢, (73), both of which are produced by strains 
of Streptomyces sp. 

Antimycin A (Streptomyces sp.), C2sHsoN2Oo (1).—Recent studies by 
Ahmad, Schneider & Strong (74) have shown that antimycin A (73) (a 
nitrogenous phenol, [a]J$+64.8 (chloroform), ultraviolet maxima at 2330 A 
and 3200 A) strongly inhibits yeast growth in a synthetic, but not in a natu- 
ral, medium. It was found that aerobic respiration of the yeast is stopped, 
and that the fermentation was stimulated to the anaerobic level. Anti- 
mycin A was also found to inhibit the succinoxidase system, the effect 
apparently being exerted on succinic dehydrogenase. It was noted that 
antimycin A is the most potent inhibitor of succinoxidase yet discovered, 
acting in a different manner from other known inhibitors of this enzyme. 
This difference lies in the fact that the action of antimycin A is not competi- 
tive and is not involved in reaction with sulfhydyl groups. The toxicity of 
antimycin A for rats was found to vary with the mode of administration. 
When given by stomach tube in methyl laurate solution, 12 mg. per kg. 
was tolerated, but 30 mg. per kg. proved fatal. 

A further study of antimycin A by Kido & Spyhalski (75) has indicated 
that the compound shows promise as an insecticidal and miticidal agent. 
This substance appears to give good fabric protection against the black 
carpet beetle at 1/100 the necessary concentration of sodium aluminum, 
silicofluoride which is widely used for protection of fabric against insects. 
Antimycin A is more effective at 1/20 the dosage for Mexican bean beetle 
larvae than the currently used methoxychlor-[1,1,1,-trichloro-2,2-bis-(p- 
methoxyphenyl)-ethane]. The toxicity of antimycin A is apparently not 
confined to members of the Insecta, as it shows efficacy in the control of 
the red spider mite, Tetranychus sp. Antimycin A is about three or four 
times as effective on the mite as di-(p-chlorophenyl)-methyl carbinol, which 
has demonstrated merit and is commercially available. 

Netropsin (Streptomyces netropsis), C32f43Nis0s.*—Culture broths of a 
newly isolated actinomycete, Streptomyces netropsis, yield an antibiotic 
with an unusually high nitrogen content, which has been isolated by Finlay 
et al. (76) as the crystalline picrate [m.p. 234° (dec.], sulfate [m.p. 224—225° 
(dec.)] and hydrochloride [m.p. 168-172° (dec.)]. The free base is unstable 
and has not been isolated. Netropsin is optically inactive; it is compara- 
tively stable in acid solution and unstable in basic solution. Maxima were 
observed for netropsin sulfate at 2360 A (E 1 per cent/1 cm. 429) and 2960 


3 Netropsin is the trade name of Chas. Pfizer & Co. for the antibiotic produced 
from the fermentation of Streptomyces netropsis. 
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A (E 1 per cent/1 cm. 436). Positive Sakaguchi and Ehrlich tests were ob- 
served. Benedict’s solution is reduced by netropsin. Negative tests were 
obtained with Brady’s reagent, ninhydrin, fuchsinaldehyde, ferric chloride, 
and Tollen’s reagent. Primary amino nitrogen is absent. The murexide 
test is negative. Netropsin can be hydrogenated to give a biologically in- 
active product. Alkaline hydrolysis of netropsin yields a basic fragment, 
C3;3H;N;0, which gives a positive Sakaguchi test, and a basic fragment, 
CisH2oNeOs, which gives a negative Sakaguchi test. In vitro activity against 
a wide variety of microorganisms is observed. Intravenous administration 
to mice showed netropsin to be quite toxic, an LDo value of 10 mg. per kg. 
being observed. 

Xanthomycins (Streptomyces sp.) (12).—A yellow-orange antibiotic has 
been isolated in the form of its crystalline reineckate (C29H2N 907S,Cr) 
from several unidentified isolates of Streptomyces by Mold & Bartz (77). 
Although the microbiological, physical, and chemical properties closely 
resemble those of xanthomycin A (reineckate: C3gsHs7Ni20i35,Cr), the new 
xanthomycin appears to be an additional member of a closely related group 
of antibiotics. The new substance is extremely toxic to mice. Chemical 
and physical studies indicate that this xanthomycin, and probably also 
xanthomycins A and B, are highly substituted p-quinones. It is thought 
that the xanthomycins (78) may be related to the actinomycins. 

Actinomycins A and B (Culls.NsOu) and C (Cu HssNsO.2) (Streptomyces 
antibioticus) (12).—The actinomycins, which are produced by various 
strains of Streptomyces sp. (79), have recently been shown to be chromo- 
peptides (80, 81), very probably quinone-peptide conjugates. The specula- 
tion of Oxford (82) that the actinomycin described by Waksman & Tishler 
(83) might be a peptide has thus been amply realized. 

The crystalline, yellow actinomycin-like antibiotic, very similar to 
actinomycins A (12, 82 to 85) and B (81), isolated from a strain of Strepto- 
myces sp. by Brockmann & Grubhofer (80) was designated actinomycin 
C because of certain differences in the peptide moiety. Solubility properties 
and antibiotic and antifungal activity are similar to the previously-mentioned 
actinomycins. 

Actinomycin C appears to be a cyclic peptide derivative in view of 
absence of free carboxyl and amino groups. The peptide moiety yielded 4.3 
per cent of L-threonine, 20 per cent of L-proline, together with N-methyl 
L-valine, sarcosine, 1 per cent of D-valine, and probably p-alloleucine (never 
previously reported from natural sources). No t-forms of alanine, arginine, 
asparagine, cysteine, glutamic acid, histidine, leucine, lysine, methionine, 
phenylalanine, serine, tryptophan, tyrosine, or valine were found. Glycine 
was absent. 

The despeptide-fragment was obtained in the form of red crystals (dec. 
> 300°), CisHisNOs, with amphoteric properties. A crystalline, orange tri- 
acetate (m.p. 164°) was obtained. This reversibly changed to red crystals 
[m. 210° (dec.)] in methanol solution. Reductive acetylation gave a penta- 
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acetate (m.p. 269-271°). Zinc dust distillation gave a green-fluorescent 
compound (m.p. 80°). A dimethyl-trihydroxy-aminoanthraquinone struc- 
ture is postulated for this fragment. 

Hydrogenation (1 M of hydrogen per chromophore) of actinomycin C 
shows an uptake corresponding to a molecular weight of 1225+25. Based 
on threonine content, the molecular weight calculated is about 3000. Some 
evidence was presented that actinomycin C is not homogeneous but con- 
sists of several related molecular species. Mutation of Brockmann & 
Grubhofer’s strain of Streptomyces sp. (86) during a year gave rise to a 
slightly different form of actinomycin. Actinomycin C differs from actino- 
mycins A and B in lacking the guanido group reported by Dalgliesh & Todd 
(81), and in the peptide linkages. 

Actinomycins A (Cy H5.Ns0n) and B (C4,Hs4N sOi2) appear to be identical 
from the work of Dalgleish & Todd (81). These workers showed the presence 
of threonine, L-proline, D-valine, N-methyl valine and one other ninhydrin- 
positive substance in the peptide fragment from A and B, and noted that 
the threonyl-proline linkage was present. 

It is thought that the actinomycins may be related to the xanthomycins 
(77, 78). The N-methyl valine component of the actinomycins suggests a 
possible relationship to enniatin B which also contains this substance, and 
thus to the enniatin (lateritiin) group of peptides derived from Fusaria 
(12, 87). 


CompouNnDs CONTAINING CARBON, HYDROGEN, OXYGEN, NITROGEN, 
AND SULFUR 


Penicillin, R-CO-CgH\,N20;S (1, 88).—An historical note on the discovery 
of sulfur in penicillin by Alicino (89) will be of special interest to those con- 
cerned with the early characterization work on this antibiotic. 

Derivatives.—Radioactive penicillin has been prepared and studied as a 
tracer in investigations on mode of action by Rowley et ai. (90, 91, 92). 
Recent reports describe aliphatic amine salts of benzylpenicillin possessing 
vasoconstrictor action (93), and hexamminecobalt benzylpenicillinate (94). 

Details of the preparation of substituted amides of benzylpenicillin 
via benzylpenicillinic anhydride were reported by Holysz & Stavely (95). 
The amide, butylamide, diethylamide, piperidide, sulfanilamide, and p- 
carboxyanilide were characterized. Disubstituted hydrazine and hydroxy|- 
amine derivatives were also obtained. None of the compounds had appreci- 
able penicillin activity. Some evidence indicated that protein-binding was 
responsible for the apparent lack of activity of penicillinamide. 

Reactions—The decomposition of buffered solutions of benzylpenicillin 
containing phenol has been found by Kern et al. (96) to occur with the for- 
mation of a crystalline precipitate of phenylphenaceturate (m.p. 132-133°). 
It is not surprising to find derivatives of phenaceturic acid resulting from 
the decomposition of benzylpenicillin, but it appears to be unexpected that 
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phenylphenaceturate was only formed from benzylpenicillin in aqueous 
solution when a buffer was present. 

Evidence obtained from alkaline hydrolysis rate studies of the model 
compound, 2-azetidinone (8-propiolactone) (97), (XXVIII), of desthio- 
benzylpenicillin (98) (X XIX), and the model compounds (XXX, XXXI, and 
XXXII) led Holley & Holley (99) to infer that the unknown 8-lactone of 
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2-thiozolidine acetic acid (XX XIII) would be more reactive than 2-azeti- 
dinone to alkali. This is consistent with the high lability of benzylpenicillin 
(XXXIV) to alkali, and would support the view that alkaline hydrolysis of 
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benzylpenicillin is greatly facilitated by the sulfur bonded to the 6-lactam 
ring and/or fusion of the B-lactam ring with a five-membered ring. 
Synthetic studies.—Sheehan et al. (99a) have succeeded in the total syn- 
thesis of a 5-phenylpenicillin by an unequivocal route. The sequence of 
reactions which gave methyl 5-phenyl-(2-carbomethoxyethy])-penicillinate 
is shown in (XXXVI). The sulfone was also prepared. The three 5-phenyl- 
penicillin derivatives (XXXV, XXXVI, and XXXVII) were biologically 


inactive when tested by conventional assay methods. However, this syn- 
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thesis, as regards the physical and chemical properties of the products, 
provides convincing evidence for the correctness of the B-lactam formulation 
for the penicillins. Other fused thiazolidine B-lactams with the a-phenyl- 
acetylamino substituent characteristic of benzylpenicillin have also been 
synthesized in practical yields and are to be reported shortly by Sheehan 
et al. who have already reported various routes for B-lactam synthesis (99b). 

Attempts to close the phenaceturyl-dimethylthiazolidine carboxylic 
acid structure (XXXVIII) were reported by Siis (100), who employed 
halogen and hydroxyl derivatives (XX XIX and XL). Synthesis of penicillin 
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was not accomplished by dehalogenating, dehydrating, or dehydrogenating 
reactions. As another intermediate for synthetic studies, compound (XLI) 
was prepared (100) by interaction of pyroracemic acid and phenylacetamide 
to give (XLII) followed by addition of the latter to dimethylcysteine. As 
yet no internal condensation reactions with (XLI) have resulted in chemical 
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synthesis of penicillin. Application as an intermediate in biochemical syn- 
thesis is discussed. 

Synthesis of B-(p-chlorophenyl)-cysteine and £-(p-methoxypheny]l)- 
cysteine was accomplished by Cook et al. (101). The reaction of these com- 
pounds under standardized conditions failed to yield penicillin-like activity. 

Biosynthesis.—Prerequisites for good penicillin fermentation were found 
by Brown & Peterson (102) to be adequate aeration, steady utilization of 
lactose, and correct use of precursor. Marked increases in penicillin yields 
were obtained by Goldschmidt & Koffler (103) on addition of certain natural 
oils and commercial surface-active substances. The reactions here concerned 
are not as yet entirely explained. 

Analytical—Application of the iodometric determination to assay of 
procaine penicillin, which is made difficult by interaction of iodine with 
procaine, is made practicable by precipitation of the procaine by sodium 
silicomolybdate or silicotungstate in a procedure developed by Wild (104). 
This modified method gives assay values within accepted limits of experi- 
mental error. An improved method for colorimetric determination of benzyl- 
penicillin employing complete nitration of the penicillin and reaction with 
N-(1-naphthyl)-ethylenediamine dihydrochloride for color development 
was described by Hiscox (105). 

The use of partition chromatography on paper by Glister & Grainger 
(106) has led to a rapid method for separation and identification of penicillin 
types. Problems connected with the quantitative interpretation of the results 
are discussed. The use of developed mixtures of pure penicillins as standards 
gives representative values. Analysis of penicillin mixtures by paper chroma- 
tography of the hydroxamic derivatives (107) has been used for penicillin 
production control (108). Direct, qualitative results are obtained by develop- 
ment with ferric chloride, and quantitative estimation is carried out using 
the iron complexes and butyl alcohol extraction. 

Miscellaneous studies —The interaction of penicillins with protein mole- 
cules was studied by Klotz (109) using pure penicillins (heptyl-, benzyl-, 
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p-hydroxybenzyl-, A*-pentenyl-, and 3-(8-naphthylazo)-4-hydroxyben- 
zylpenicillins). No complexes were noted with ribonuclease; lysozyme formed 
insoluble complexes with 3-(6-hydroxynaphthylazo)-4-hydroxybenzy]peni- 
cillin. Changes noted in the absorption spectrum of cytochrome-c after 
reaction with penicillins were apparently due to penicillenic acid forms. 
New bacterial sources of penicillin inactivators are described by Cze- 
kalowski (110) who further examined the mechanism of inactivation. 
Gliotoxin, Ci3Hi4N2O4Sz (1).—The structures of gliotoxin and desthio- 
gliotoxin have not as yet been fully elucidated. A recent report by Johnson 
& Andreen (111) describes the preparation of derivatives of 3-hydroxyin- 
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doline-2-carboxylic acid (XLIII) which exhibit chemical properties very 
similar to certain of those shown by desthiogliotoxin. The tentative formu- 
lation of the latter compound as a pyrazinoindolone derivative, such as 
(XLIV) (112), contains the 3-hydroxyindoline-2-carboxylic acid nucleus. 
The other structural unit of gliotoxin, evidently related to N-methyl- 
cysteine (XLV) may bear some resemblance to the penaldic acid fragment 
of the penicillins. 

The formation of indole-2-carboxylic acid and its derivatives in degrada- 
tions of gliotoxin can be attributed to loss of the elements of water from the 
3-hydroxyindoline systems. Methylamine is evolved from gliotoxin under 
the influence of aqueous alkali. The mild action of methanolic alkali converts 
gliotoxin and desthiogliotoxin into derivatives of the methylamide of indole- 
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2-carboxylic acid. The model 3-hydroxyindolines described by Johnson & 
Andreen undergo the corresponding reactions; in general, the behavior of 
these compounds is compatible with the view that a 3-hydroxyindoline 
unit is present in gliotoxin and desthiogliotoxin. Gliotoxin has been tenta- 
tively assigned structure (XLVI) (113). 

Thiolutin (Streptomyces albus).—Tanner et al. (114) have reported the 
isolation of a new antibiotic from several strains of Streptomyces albus. 
Thiolutin is a stable neutral compound containing carbon, hydrogen, nitro- 
gen, sulfur, and oxygen; it inhibits both gram-negative and gram-positive 
bacteria as well as many fungi. It crystallizes in brilliant yellow needles, 
readily soluble in most organic solvents but only sparingly soluble in water; 
the ultraviolet absorption spectrum shows peaks at 314 and 364 my. The 
LDo is 12.5 mg. per kg. body weight in mice by oral administration. Oil 
suspensions have an LDp of about 7.5 mg. per kg. when administered sub- 
cutaneously. 


CompouNDs CONTAINING ORGANICALLY-BOUND CHLORINE 


Chloramphenicol (Chloromycetin*), CyH\2N2OsClz (1).—The chemistry 
of chloramphenicol (XLVII) has recently been reviewed in some detail by 


Crooks (115). 
H NH-CO-CHCI, 
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Buu-Hoi ef al. (116) have continued earlier work on analogues of chlor- 
amphenicol by studying replacement of the nitro group by fluorine and 
iodine. The concept that chloramphenicol acts by nonspecific biochemical 
competition with several important metabolites of the aromatic series finds 
support in the activity (one-fifth that of chloramphenicol) of (+)-threo-2- 
dichloroacetamido-1-p-bromophenylpropane-1,3-diol against a variety of 
organisms. This compound is undergoing clinical testing in view of its rela- 
tively low toxicity in animals. 

Ring-halogenated compounds are described by Bambas et al. (117). A 
number of chloramphenicol analogues having variations in the acyl group 
were prepared by Rebstock (118). Preparation of DL-threo-2-acetamido- 
and DL-threo-2-dichloroacetamido-1-0-nitrophenyl-1,3-propanediol is de- 
scribed by Long & Jenesel (119). No pharmacological data are reported as 
yet for these modifications. 

A polarographic method for estimation of chloramphenicol and its hy- 
drolysis product 1-p-nitrophenyl-2-amino-1,3-propanediol by Hess (120) 


* Chloromycetin is the trademark name of Parke, Davis & Co. for this elaboration 
product from cultures of Streptomyces venezuelae. 
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involves reduction of the nitro group. A corresponding chemical procedure 
has been previously reported (121). 

Decomposition of chloramphenicol by microorganisms, including E. 
coli, Bacillus mycoides, Bacillus subtilis, and Proteus vulgaris, was studied by 
Smith & Worrel (122). The reactions which occurred involved hydrolysis 
of the amide linkage, reduction of nitro group, oxidation of secondary hy- 
droxyl group and cleavage of the molecule between the first and second 
carbon atoms of the propanediol moiety. By employing each of these reac- 
tions individually or in combination, at least 18 decomposition products can 
be isolated and identified. 

Biosynthetic studies on chloramphenicol by Oyaas et al. (123) show that 
this antibiotic appears during a period of rapid mycelium formation in 
shake flasks in a medium containing glycerol, tryptone, fermentation solubles 
extract, and sodium chloride. Glycerol utilization accompanies mycelium 
formation, while both total- and ammonia-nitrogen are utilized in the early 
stage of fermentation and released to the medium during the last phase 
due to observed autolysis. 

Aureomycin (Streptomyces aureofaciens), C22H27~23N20sCl (1).—Crystal- 
lographic data on pure aureomycin hydrochloride were reported by Krc & 
McCrone (124). No polymorphism was noted in the orthorhombic crystals. 
The cell dimensions were: a= 12.89 A, b=15.48 A, and c=11.27 A; formula 
weight per cell was 4, assuming 520 for molecular weight. Formula weight 
from x-ray data and density (1.541) was 522+5. X-ray data for aureomycin 
have also been given by Dunitz & Leonard (125) who compared these results 
with those for chloramphenicol. No structural conclusions were reached. 

Methods for determination of aureomycin in blood have been described 
by Schneierson (126) and by Saltzman (127). 

Comparison of aureomycin with chloromycetin, neomycin, and poly- 
myxin B against gram-negative bacteria was reported by Waisbren & Spink 
(128). Aureomycin, about as active in vitro against tubercle bacilli as strepto- 
mycin, proved ineffective as a therapeutic agent in experimental tubercu- 
losis in mice (129). Aureomycin has been utilized by Fuller & Faust (130) for 
suppressing bacterial flora in cultures of Endamoeba histolytica. Aureomycin 
is reported by Hewitt et al. (131) to produce a direct protozoacidal effect on 
trophozoites of a strain of E. histolytica. The chemoprophylactic effect of 
aureomycin has been compared with that of terramycin in murine bar- 
tonellosis (132). 

Stokstad & Jukes (274) found aureomycin to possess growth-stimulating 
properties when added to the diet of animals [cf. Moore et al. (275) who 
earlier studied antibacterial substances as dietary supplements]. 

Whitehill, Oleson & Hutchings (133) reported that aureomycin hydro- 
chloride promotes the growth of chicks when fed in the diet at levels as low as 
25 mg. per kg. The lion is presumed to be indirect because certain other 
antibiotics including penicillin, streptomycin, and bacitracin manifest this 
same property. Additional studies on growth-promoting properties of aureo- 
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mycin have been carried out (133 to 141). Further discussion of this aspect 
of antibiotics will be found in Chapter 21. 

Reaction of aureomycin with bacitracin is reported by Welch, Randall & 
Price (142) to give a water-soluble, yellow, amorphous product possessing 
lower toxicity than the starting antibiotics. Prolonged blood levels are 
said to be obtained on the administration of this complex; its activity appears 
to correspond to the equivalent of the two antibiotic components. 

Aureomycin, in impure form, was found by Sokoloff (143) to exert a 
marked tumor-diminishing effect on August rat carcinoma. 

Aureomycin and terramycin failed to increase resistance to the toxic 
action of influenza virus (144). Both were active in chick-embryo tests with 
experimental psittacosis and lymphogranuloma venereum (inguinale); the 
terramycin was possibly the more active (145). They were also active in 
therapy of the corresponding mouse infections whereas chloromycetin was 
only indifferently active. Aureomycin and terramycin appeared to inter- 
fere with the bactericidal action of penicillin against Streptococcus pyogenes 
and Klebsiella pneumoniae (146). Interference was most marked when bacterio- 
static concentrations of aureomycin or terramycin were mixed with actively 
bactericidal concentrations of penicillin. These two antibiotics exhibited 
definite, though limited, antitoixc protection against plague toxin in mice 
when given in 2.0 mg. doses within 12 hr. of injection of Pasteurella pestis 
toxin. Aureomycin showed the more pronounced effect (147). Aureomycin 
lowers coagulation time of blood, apparently due to a decrease in heparin 
concentration (148). Inhibition of phagocytosis of M. pyogenes var. albus by 
concentrations of 1000 wg. per ml. of aureomycin was noted (149). 


POLYPEPTIDES 


Most of the previously reported polypeptide antibiotics have been 
derived from bacterial fermentations. There is reason to believe, however, 
that the molds also produce antibiotic peptides. The actinomycins A, B 
and C are evidently conjugated peptides, and streptothricin appears to 
contain peptide linkages. Although few polypeptide antibiotics have found 
wide application, there is reason to believe that useful compounds of this 
class may yet be recognized. The difficulty of preparing pure, homogeneous 
samples of these active peptides has made their evaluation difficult. 

Bacitracin (1).—Bacitracin appears to have found useful application 
in the treatment of Staphylococci meningitis (150). A prolonged effect on 
both glomerular and tubular function of the kidney after administration of 
bacitracin has been noted by Miller et al. (151). This effect continues long 
after cessation of the proteinuria observed during therapy and for a short 
while after halting the administration of the drug. 

Polymyxins (Aerosporins) (1).—Crystalline polymyxin B hydrochloride 
and crystalline polymyxin E neutral sulfate were isolated by means of 
naphthalene B-sulfonic acid by Wilkinson (152) who identified the optically 
active Cy fatty acid obtained from all of the polymyxins as d-6-methyloctan- 
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1-oic acid. He showed by degradative studies that it is (+)-6-methyloctanoic 
acid (XLVIII). This compound has now been synthesized by Crombie & 
Harper (153). The synthesis relates 6-methyloctanoic acid configurationally, 
through 2-methylbutanol, to glyceraldehyde. The deduction that the (+)- 
acid has the L-configuration is criticized and a new configurational series 
based on 2-methylbutanol (XLIX) is proposed. 
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CH20H 

CH3CH2CH:(CH2)4COOH H-C-CHg 
CH, C2H5 
XLVI XLIx 


Crombie & Harper feel that although it is possible to deduce a formal 
relationship between (—)-2-methylbutanol and 1L-(—)-glyceraldehyde “‘it 
appears so tenuous as to be devoid of significance.” They suggest instead that 
compounds containing the asymmetric carbon atom, —C’—CH(CH;)—C”—, 
should constitute a new configurational series, designated by Da- and La- with 
Da- being (+)-2-methylcarbinol (subscript ‘‘a’’ indicating ‘‘active’ amy] al- 
cohol) as the standard of reference. In order to determine unambiguously 
configurational relationships within this series, Crombie & Harper put forth 
three conventions. 


First, that the hydrogen and methyl attached to the asymmetric atom remain un- 
changed; second, that in monocarboxylic acids (or other monofunctional compounds) 
the carboxyl group be derived by oxidation of, or by chain extension from, the primary 
alcohol group; third, that in dicarboxylic acids (or other difunctional compounds) the 
carboxyl group nearer to the asymmetric atom be derived from the primary alcohol 
group. 


On this scheme (—)-2-methylbutanol and therefore (+)-6-methyloctanoic 
acid have the La-configuration. 

Polymyxin B has been compared with streptomycin, aureomycin, and 
chloromycetin as to minimal effective concentrations, speed of lethal action, 
and resistance phenomena using Hemophilus pertussis, H. parapertussis, 
H. influenzae and five enteric strains of gram-negative bacilli (154). 

Fungistatin (Antibiotic XG).—This substance, active against pathogenic 
fungi (155), was studied by Regna, Carboni & Steig (156), who found it 
to be a polypeptide of molecular weight of about 2400, homogeneous by 
counter-current distribution, and composed of lysine, serine, aspartic acid, 
proline, threonine, alanine, tyrosine, tryptophan, valine, isoleucine, and other 
amino acids. The substance possesses hemolytic properties, but was tolerated 
on subcutaneous injection in mice at about 5000 units per kg. (ca. 20 mg. 
per kg.). 

Gramicidin (1).—Similar quantities of two enantiomorphic dipeptides 
of valine appear upon the hydrolysis of gramicidin. These were found by 
Hinman, Caron & Christensen (157) to be p-valyl-L-valine and L-valyl-p- 
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valine, rather than the D,Dy and LyLy isomers. Racemization, unless by 
epimerization (158), does not adequately explain the phenomenon. The 
differences in stability are in the wrong direction to account for the isomers 
found. Incomplete homogeneity of the gramicidin used does not provide 
any obvious explanation. The racemic dipeptide isolated might conceivably 
arise by hydrolysis of the structure-type, R-p-valyl-L-valyl-p-valyl-R’. 

Harris & Work have continued their studies (159) on synthetic peptides 
related to gramicidin S. A recent report (160) describes the synthesis of 
two optically isomeric open chain pentapeptide esters having the same se- 
quence of amino acid residues as gramicidin S. In addition, a crystalline 
acylpentapeptide amide has been synthesized and found to be structurally 
analogous to the natural antibiotic in that its constituent amino acids are 
arranged in the same sequence and are of the same optical configuration 
as those of gramicidin S, and its only reactive group is the y-NHe of the 
ornithine residue. The origin of antibiotic activity in gramicidin S is dis- 
cussed in the light of the in vitro antibiotic activity of the newly synthesized 
peptides. The antibacterial activity of the synthetic peptides is, at best, of 
the order of one 1/100 of the natural cyclic pentapeptide, gramicidin S. 

A number of derivatives of gramicidin, tyrocidine, and methylol modifi- 
cations thereof were prepared by Mouren, Chovin & Rivoal (161) including 
half esters of succinic, maleic, phthalic and o-sulfobenzoic acids. Although 
more soluble forms for therapeutic application were sought, the products 
did not appear to be particularly advantageous. 

Licheniformin (1).—Although licheniformin and subtilin are closely 
related peptide antibiotics, Hart & Moss (162) have found that they can be 
distinguished completely by cross-resistance tests using Mycobacterium 
phlei. : 

Licheniformin A5, an antibiotic peptide mixture obtained by Keeppie, 
Ross & Day (163) from Bacillus licheniformis (A5), was found to show acute 
toxicity for mice at 670 mg. per kg. (subcutaneous) and 370 mg. per kg. 
(intravenous). Different species of laboratory animals are not equally sus- 
ceptible to the nephrotoxic action of licheniformin A5. Compared with the 
mouse, the rabbit is resistant and the rat relatively sensitive. 

An impure polypeptide mixture obtained from a strain of B. licheni- 
formis (164, 165) has been designated ayfivin. This antibiotic shows pro- 
tective action aginst experimental infections in mice with S. pyogenes and 
S. aureus; however, kidney damage is noted, and a low therapeutic ratio 
obtains (166). Ayfivin appears to be closely related to bacitracin. 

Subtilin (1).—This antibiotic has potential application in preservation 
of canned foods (167). The observation that subtilin destroys influenza A 
and B virus in vitro, as judged by egg test, suggests study of possible appli- 
cation in the virus field (168). 

Lysozyme.—While it is realized that the antibacterial substance, lyso- 
zyme, is not an antibiotic in the strict sense, current data have been in- 
cluded for comparative purposes. 
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Using the ultraviolet absorption spectrum of lysozyme in acid as well 
as in alkaline solution, a value of 14,700 was calculated by Fromageot & 
Schnek (169) for the molecular weight. The observed nitrogen content of 
18.6 per cent corresponds to that of a mixture of 6 M of tryptophan, 3 M 
of tyrosine, 5 M of cysteine, and 2 to 3 M of phenylalanine which appear 
to have practically no influence on the absorption spectrum. From variations 
in the absorption spectrum of lysozyme at 2880 to 2920 A as a function of 
pH, a pK value of 10.8 was calculated for the hydroxyl group of tyrosine. 
This differs only slightly from the pK of 10.1 for free tyrosine. The variations 
in the spectrum as a function of pH are reversible, provided that oxidation in 
alkaline medium is avoided. 

The products of graded hydrolysis of lysozyme by 10 N hydrochloric 
acid at 27° have been investigated by Acher et al. (170). About one-fourth 
of the amino acids is liberated after 96 hr. hydrolysis. The peptide bonds 
involving the amino groups of hydroxy-amino acids are particularly easily 
broken. Glycine, alanine, and serine appear to be released before the longer 
chain members of the non-aromatic group of amino acids. Valine is detached 
with difficulty; this may be due to steric hindrance by the isopropyl group. 
Aspartic and glutamic acids and the hexonic bases are liberated quite rapidly. 
Partial hydrolysis of lysozyme has also been studied by Monier & Froma- 
geot (171) who obtained five apparently homogeneous peptide fragments. 
Analyses of three of these indicated that they are rich in leucines and glutam- 
ic acid and do not contain aromatic amino acids or hexonic bases. 

Fraenkel-Conrat (172) has pointed out that the inactivation of lysozyme 
by a variety of chemical reagents clearly indicates that the chemical changes, 
rather than conditions of reaction are responsible for any observed loss in 
activity. It was observed that selective acetylation of the amino groups 
caused a loss of activity which can be directly attributed to the requirement 
of most of these groups for enzymatic action of lysozyme. This also appears 
to be true with respect to the carboxyl groups and, with less certainty, the 
aliphatic hydroxyl groups. No selective reagents were available for the 
amino, guanidino, and indole groups, but it can be concluded that all may 
be essential for lysozyme activity. From the results of iodination and cou- 
pling reactions, it appeared that substitution of the imidazole and some of 
the phenolic groups of lysozyme lowers the activity, and that extensive 
substitution abolishes it. 

Polypeptin (1).—Polypeptin, isolated by Howell (173) from culture fluid 
of Bacillus krzemieniewski (a mucoid variant of B. circulans), was obtained 
in the form of the sulfate as triangular prisms (m.p. 235° (dec.); [al —93.3°) 
from 65 per cent ethanol [Amal. found: C, 47.0; H, 8.0; N, 12.35; NH:-N, 
3.6; S, 3.6; ash, 0.07; mol. wt. (cryoscopic) 1070]. This antibiotic is a basic 
polypeptide which is isoelectric at pH 11.0. In the ultraviolet, polypeptin 
showed maxima at 2520 A, 2580 A, and 2640 A, which were unchanged by 
shift in pH. Potentiometric titration indicated a molecular weight of 2100 
to 2200, about twice that observed by cryoscopic measurement. Polypeptin 
appears to contain about five or six amino groups to one carboxyl. 
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This antibiotic inhibits growth of fungi and bacteria, hemolyzes eryth- 
rocytes, and is toxic to mice. 

Marcescin.—The thermostable polypeptide, marcescin, isolated from a 
strain of Serratia marcescens by Fuller & Horton (174), is highly inhibitory 
towards C. diphtheriae (0.01 wg. per ml.). Application is limited by its toxic- 
ity. 

Fusarium antibiotics (1).—The screening of 52 strains of Fusarium spp. 
has been reported by Lacey (175). Examination of the antibacterial activity 
of the culture fluids showed that the various strains permitted separation 
into four groups. One group (A) consisted of six strains equally active against 
a strain of S. aureus and M. phlei strain 1; another group (B) made up of 
16 strains much less active against S. aureus than against M. phlei-1; a 
group (C) of 14 strains inactive against S. aureus, active against M. phlei-1; 
and finally a group (D) of 16 strains inactive against both S. aureus and 
M. phlei-1, though six were active against M. phlei strain 2. 

Group A yielded pure javanicin and oxyjavanicin. Group B gave the 
related lateritiin I and II, avenacin, sambucin, and fructigenin. The an- 
tibiotics from group B are very similar to enniatin, and all apparently 
have biologically active chemical moieties in common. The partially purified 
antibiotic principles isolated from the group C cultures were markedly 
different in chemical properties from those of groups A and B. Unlike the 
lateritiin group they were insoluble in petroleum ether, ether, or chloro- 
form. No attempts were made to isolate the antibiotics from group D cul- 
tures, although it is suggested that they may resemble those of group B. 

Colicines—The investigation of a series of more than 300 strains of 
E. coli has been reported by Gardner (176). Cross streak tests revealed that 
37 strains produced antibiotic material (colicines) active against a varying 
number of gram-negative test organisms but inactive against gram-positive 
organisms. Three active organisms which produced colicines distinct from 
one another were selected for more detailed investigation. Gardner found 
that shallow stationary liquid culture of the organisms was the most satis- 
factory for producing active agents, the most suitable medium being 
a solution of ammonium lactate and inorganic salts, with or without the 
addition of peptone. 

The chemical properties of the three colicines did not differ markedly. 
All appeared to be protein or peptide in nature, and susceptible to the action 
of pepsin, trypsin, and papain. They were precipitated from solution by 
trichloracetic and phosphotungstic acid but remained in solution in 95 per 
cent ethyl alcohol. One colicine (D) could, however, be distinguished from 
the other two by the ease with which it was destroyed on heating in aqueous 
solution and by its lability on contact with organic solvent. Therapeutic 
application of these antibiotics is improbable, owing to their toxic na- 
ture. 

Miscellaneous.—Several incompletely characterized, peptide-like anti- 
biotics have been reported. These include peptide-like antibiotics from 
Micrococcus epidermis (177) and M. pyogenes (178), which were active against 
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gram-positive but not against gram-negative bacteria, and were particularly 
active against most B-hemolytic streptococci. 


POLYSACCHARIDES 


The effect of homologous and heterologous capsular bacterial polysac- 
charides, as well as of starch, glycogen, and gum arabic, upon the ability of 
a Friedlander B bacteriophage to lyse seven host organisms (K. pneumoniae 
type B and six strains of Aerobacter) was studied by Ashenburg et al. (179). 
All of the polysaccharides inhibited the lytic action of the bacteriophage, 
but in no instance was inhibition complete. Degree of inhibition varied with 
the polysaccharide. The lysis of Phase I Shigella sonnei by bacteriophages 
Ts, Ts, and Tz was observed by Miller & Goebel (180) to be specifically 
inhibited by the purified homologous lipocarbohydrate-protein somatic 
antigen. Goebel (181) has shown by serological means that £. coli B con- 
tains an antigen closely related to the protein-lipocarbohydrate complex 
of Phase II Sh. sonnet. Lysis of E. coli B by three of the T viruses, T3, Ts, 
and T:, can be inhibited by the Phase II dysentery antigen. It has been 
suggested that the receptor of E. coli B with which these viruses combine is 
the newly described antigenic component. 


ANTIBIOTICS NOT COMPLETELY CHARACTERIZED 


Fradicin (‘‘Factor X"’) (Streptomyces 3535)—During the investigation 
of culture fluids of Streptomyces 3535 (closely related to S. fradiae) which 
led to the discovery of neomycin (182), Waksman & Lechevalier noted an 
antifungal activity which was later shown to be due to a component other 
than neomycin (183). This substance was separated by Swart, Romano & 
Waksman (184) by butanol extraction of culture filtrates to give a chloro- 
form-soluble, amorphous solid designated fradicin. Fradicin is inactive 
against bacteria and actinomycetes but is very active against fungi, including 
both saprophytic and pathogenic forms. Fradicin differs from acti-dione 
(185) in solubility properties and in its stability above pH 7. Fradicin differs 
also from antimycin A in its ultraviolet absorption spectrum. 

Streptocin (1).—Crystalline streptocin (melting point and composition 
not reported) has been recovered via chromatographic procedures from ether 
extracts of pellicles and fermentation liquors of Streptomyces griseus (No. 
3533) by Waksman eft al. (186, 187). Streptocin resembles cycloheximide 
(185) in solubility, but is insoluble in chloroform and can be sublimed readily. 
The marked antibacterial and limited antifungal activities of streptocin are 
in contrast to cycloheximide, which is not antibacterial but is highly anti- 
fungal. Streptocin is of especial interest as a trichomonadicidal agent, inhibit- 
ing T. vaginalis at a dilution of 1:29,000. It has extremely low toxicity for 
mice, whereas cycloheximide has an intravenous LDso of 150 mg. per kilo. 
Comparative yields of streptocin from different strains of S. griseus have 
been reported (188). 

E. coli antitubercular principle—Meissner & Hesse (189) noted the 
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presence of a thermostable, antitubercular principle in cultures of certain 
strains of E. coli grown in an acid medium. Strains of E. coli obtained from 
tuberculous patients showed less activity in general than those from healthy 
individuals. 

Prodigiosin.—This antibiotic exerts a profound, direct action against 
Endamoeba histolytica in vitro (190). This appears to be the first proved 
direct action of an antibiotic against E. histolytica. 


ANTIBACTERIAL SUBSTANCES FROM HIGHER PLANTS 


Alliine, CH ,NO3S (1).—Alliine has been synthesized by*Stoll & Seebeck 
(191) as S-allyl-L-cysteinesulfoxide which is racemic (with respect to the 
sulfur atom). Fractional crystallization has yielded (+)-S-allyl-L-cysteine 
sulfoxide which is identical with natural alliine (L). 


NH» 
CH9:CH-CH9$-CHg‘CH-COOH 
re) 


L 


These workers have also reviewed (192) data on structure, chemical 
properties and therapeutic use of alliine and allicin, constituents of garlic, 
and have presented data on the specificity and optimum conditions for 
enzymatic action of alliinase. 

Xanthatin, Ci4HyO3——From burs and leaves of Xanthium pennsylvani- 
cum, Little, Foote & Johnstone (193) have isolated crystalline xanthatin. 
This antibiotic substance is active in vitro against gram-positive bacteria 
and fungi but not against gram-negative bacteria. Xanthatin is slightly 
soluble in warm water, soluble in alcohol, acetone and ether, and insoluble 
in petroleum ether. Xanthatin (m.p. 104.5-115°) appears to be an unsatu- 
rated lactone containing three apparently unconjugated double bonds. In 
the ultraviolet, a prominent maximum was noted at 2750 A with a shoulder 
at 2130 A. Xanthatin is optically active, [a]p — 20° (ethanol). Hydrogenation 
destroys the biological activity. 

Plumericin, CisHyOs—A new antibacterial compound, tentatively 
designated plumericin, has been obtained from the roots of the tropical 
flowering plant, Plumeria multiflora, by Little & Johnstone (194). The 
isolation involved alcohol extraction of the ground roots, purification of the 
extract by chromatography on alumina, followed by crystallization of ap- 
propriate fractions. An unidentified species of Penicillium was used as the 
assay organism throughout the purification procedure. 

Plumericin crystallizes from benzene to give white, plate-like needles 
(m.p. 212.5-213.5°; [a}#$+204° (chloroform)). It is a neutral, unstable 
lactone, containing four masked acid groups. The molecule apparently 
contains no hydroxyl or keto groups, but does contain one C-alkyl group, 
one methoxyl group and three double bonds. Although active against gram- 
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negative and gram-positive bacteria, it was found to have greater anti- 
fungal than antibacterial activity. 

Illudin-M, Ci;H2003, and Illudin-S, CisH204—Two antibacterial and 
antifungal substances have been isolated by Anchel, Hervey & Robbins 
(195) from culture liquid by Clytocybe illudens. Charcoal adsorption and 
counter-current distribution in a chloroform-water system were used in 
the isolation, illudin-M being found in the chloroform layer and illudin-S 
in the water layer. Both illudin-M and illudin-S are fairly soluble in organic 
solvents, less so in water. Although similar, their molecular structure differ- 
ing by only the elements of one molecule of water, they differ in melting 
point, ultraviolet absorption spectrum, and optical rotation. 





























Ultraviolet [a]4 
anil Max. (in (abs. Analysis Mol.) Mol. 
(Uncorr.) ethanol) ethanol) Wt. | Formula 
C H 
Illudin-M 130 to 131 | 2330,3200 A | —126° | 72.81, 8.05 | 248 | CisH20O; 
Illudin-S 124 to 125 | 2350, 3280 A | —165° | 67.78, 8.16 | 266 | CisH20, 





The antibacterial activity of the culture liquids, and. of the active 
crystalline compounds dissolved in water was not reduced by bringing the 
solution to a quick boil. 

In preliminary tests, male white mice weighing an average of 16 gm., 
were killed by illudin-S at dosages of 15 to 16 mg. per kg. in from 7 to 25 
hr. and by illudin-M within 44 hr. Persons handling Clytocybe illudens or its 
products showed some sensitivity on contact, which manifested itself as a 
dermatitis of varying severity. 

Thermophillin, CisHis09.—The isolation of an active principle from the 
culture fluid of the basidiomycete, Lenzites thermophila Flack 75, by chloro- 
form extraction, florisil chromatography, and recrystallization from ethyl 
acetate has been reported by Burton (196). The purified crystals [C\4.H,O; 
(OCHs)4] appear as golden plates (sublime in air at 245°C. and at 260° in a 
sealed tube). Thermophillin is almost insoluble in most organic solvents, and 
is sparingly soluble in ethanol, ether and water, and slightly soluble in 
chloroform. It is rapidly destroyed in aqueous solution at room temperature 
at pH 9.0; but is stable at pH 2.0 and 7.0 on heating at 100°C. for 15 min. 
and at pH 7.0 on boiling for 1 hr. Thermophillin possesses quinoid properties. 
It gives a yellow solution in water which changes to red on the addition of 
alkali; liberates iodine from potassium iodide solutions; and is reduced to a 
colorless compound with sodium hydrosulfite. Concentrated sulfuric acid 
gives an immediate bright red coloration which becomes brown on heating 
and yellow on the addition of ethanol. On reduction with zinc dust and warm 
hydrochloric acid, a colorless phenolic substance (CisH22O9) was produced 
(m.p. 172°C.) which became pink on exposure to air and then rapidly 
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darkened. On acetylation the phenolic substance yielded a crystalline acetyl 
derivative (m.p. 184°C.) 

Thermophillin shows a weak activity against S. aureus when tested by 
the cylinder plate method. At a concentration of 1 in 10,000 it gave a zone 
of inhibition 15 mm. in diameter. 

Grifolin, CisH2302—An antibiotic substance previously recognized in the 
basidiomycete, Grifola confluens, has been isolated in pure form by Hirata 
& Nakanishi (197) and found to be active against gram-positive bacteria 
and M. phlei. Grifolin was shown by these workers to possess the struc- 
tural formula (CH 3)2C = CHCH2zCHeC(CH;) = CH—CH = CH—CH(OH) 
—C(CH3) (OH) —CH2CH3. The toxicity of this substance is low. 

Agrocybin.—The isolation of a new antibacterial substance from the 
basidiomycete, Agrocybe Dura has been described by Kavanagh, Hervey 
& Robbins (198). The properties of agrocybin resemble those of biformin 
(199). Agrocybin inhibits gram-negative, gram-positive and acid-fast bac- 
teria but differs from biformin in that it is much more active than the latter 
against B. mycoides and Ps. aeruginosa. Agrocybin is extracted from culture 
fluids with methyl isobutyl ketone, and is ultimately crystallized from 
aqueous alcohol or ether. The white crystals are stable in air for about one 
day, after which time they turn black and become insoluble in ether. Agrocy- 
bin does not melt, but blackens and explodes in air at about 145°C., and 
in vacuo decomposes at 90° with gas evolution at 140°. It is soluble in alcohol, 
acetone, ether, chloroform, and methyl! isobutyl ketone, slightly soluble 
in water, and insoluble in benzene. Agrocybin has no optical activity but 
shows ultraviolet absorption peaks at 216, 224, 269, 286, 304 and 324 muy. 

Nemotin, nemotinic acid, and nemotin A.—The isolation of antibacterial 
fractions from culture liquids of Poria tenuis, Poria corticola, and an un- 
identified basidiomycete from white cedar has been reported by Anchel, 
Polatnick & Kavanagh (200). Nemotin and nemotinic acid can only be 
handled in solution, therefore accurate quantitative determinations of 
physical properties are difficult. They are optically active (nemotinic acid: 
[a]p+329° (ether), +326° (water); nemotin: [a]p+250° (ether), +314° 
(water)), and both show maxima in the ultraviolet at 237, 249, 263, and 
277.5 my. They are distinguished chemically by their behavior in solution 
above pH 7.0. Nemotinic acid changes rather slowly, the effect being fol- 
lowed spectrophotometrically and by loss of activity. Nemotin changes 
rapidly, and is converted into another antibacterial compound, nemotin 
A (201). The latter can be isolated readily in the form of crystals which 
decompose rapidly in air and have a different ultraviolet absorption spec- 
trum (max ma at 231, 242, 272, 289, 307 and 328 my) and a different bacterial 
spectrum. 

The behavior on drying, high uptake of hydrogen, and ultraviolet ab- 
sorption spectra of nemotin and nemotinic acid indicate highly unsaturated 
molecules containing at least three and possibly four conjugated double 
bonds. Both nemotin and nemotinic acid show marked antibacterial and 
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antifungal activity which is retained after incubation at 37°C. for 3 hr. in 
the presence of 5 per cent human blood in a beef extract medium containing 
0.7 per cent sodium chloride. 

One investigator became sensitive to these antibiotics and showed symp- 
toms similar to but milder than those produced by contact with biformin 
(199). 

Antibiotic from Leptotaenia multifeda—An unsaturated carbonyl-con- 
taining oil, active against gram-positive and gram-negative bacteria and 
acid-fast organisms including M. tuberculosis, has been isolated from the 
roots of L. multifeda by Matson et al. (202). 

Evosin.—An antibiotic mixture isolated from the lichens, Hvernia, has 
been shown by Klosa (203) to consist mainly of usnic acid and evernic 
acid. The toxicity of the stable, water-insoluble evosin is low. Activity 
towards tubercle bacilli is rather high. 


MopeE oF ACTION 


Two general lines of study are reflected in the recent reports concerned 
with mode of action of antibiotics. One deals with the broad search for 
changes in biochemical activity, morphology or other characteristics of 
microorganisms sensitive to the antibiotics, and for significant differences 
between the behavior of animal tissues and that of microorganisms in contact 
with antibiotics. This type of investigation is providing data useful for 
comparison of different antibiotics, and clues which form the basis of the 
more detailed studies of action mechanism. The second line of study is 
concerned with specific functional systems of microorganisms, and with 
attempts to elucidate the specific reactions, enzyme systems, or sites of 
action involved in antibiotic action. Both approaches are necessary and 
both have provided information leading to a better understanding of anti- 
biotic action. A detailed discussion of mode of action of antibiotics has 
recently been presented by Herrell (204). A great deal must yet be learned 
before a comprehensive understanding of antibiotic action is attained. 

Penicillin.—Progress in evaluation of mode of action of the penicillins 
is seen in the application of radioactive penicillin by Rowley and his associ- 
ates (90) to investigations on site of action. It has been reported that peni- 
cillin exerts a killing action associated with cell-division (205); has an effect 
on the transport of amino acids from external environment into the cells 
(206), particularly glutamic acid (207); affects elements of the gram-positive 
complex (208); disturbs the nucleic acid balance (209); and exerts effects 
other than on amino acid transport and assimilation (210, 211). 

The studies of Rowley et al. (90) have been concerned with the uptake 
of penicillin by various bacteria. While it is realized that uptake of the 
antibiotic may not be related to the antibiotic action [cf. Maas & Johnson 
(212)], it is believed that the information gained by these studies will still 
be illuminating and helpful. By means of a biosynthetic penicillin containing 
S*, it was found that penicillin was taken up in resting sensitive or resistant 
cells in proportion to the antibiotic concentration. The concentration within 
the sensitive cells was greater than the external concentration (operating at 
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0.1 unit per ml.), that within the resistant cells was less. [The high precision 
attainable with radioactive tracers facilitated this study as no previous 
method could do (cf. 213). However, the results obtained confirm earlier 
conclusions (212)]. Under conditions of rapid division, uptake was greater, 
and even resistant cells could concentrate penicillin within the cell. The 
initial uptake rate was rapid under all conditions, dropping to a slower 
steady rate when cells were undergoing rapid division. Killed cells had an 
uptake equivalent to that of the “‘resting cell.’’ Pretreatment with ordinary 
penicillin prevented uptake of radioactive penicillin, as did pretreatment 
with buffered acetic anhydride. 

The only treatment which would reverse or prevent penicillin absorption, 
was with 1 per cent taurocholate (cf. 208). The uptake appeared to be due 
to a special center in the bacteria, since it was not a case of simple diffusion 
across the cell wall nor a general property of all bacteria. The concentration 
in the cell was related to the antibacterial activity and appeared to be a 
function of sensitivity of the organisms. There seems to be a direct chemical 
combination with a component present in minute amounts. The nature of 
this component is not yet clear, but the reaction-blocking effect of acetylat- 
ing conditions suggests that it involves amino groups. 

In this connection it is interesting to consider the results obtained by 
Simmonds & Fruton (214) which suggest that penicillin may interfere with 
peptide synthesis. Also, studies by Mitchell (209) and Mitchell & Moyle 
(215) indicate that penicillin interferes with the nucleic acid balance of 
sensitive organisms. The amount of a particular phosphoric ester in bacterial 
cells appears to be correlated with penicillin sensitivity as well as with the 
gram-positive character of the cells. Breakdown of ribonucleic acid by 
starved, washed bacteria was prevented by penicillin according to Krampitz 
& Werkman (216). 

Hotchkiss (217) has suggested that penicillin interferes with the bacterial 
synthesis of protein from amino acids, blocking this process at such a point 
that peptide intermediates accumulate in the medium. In the presence or 
absence of penicillin, amino acids are used up at about the same rate by 
bacterial cells. However, the amino acid nitrogen largely goes into cellular 
protein in the absence of penicillin and into peptides which remain in the 
medium when penicillin is present. 

Increase in the resistance of bacteria to penicillin was noted by Di- 
Raimondo (218) when the bacteria were grown in the presence of optimal 
doses of the growth factors, pantothenic acid and pyridoxine. Some effect 
was also noted with p-aminobenzoic acid, aneurine, and folic acid. Large 
doses of riboflavin, aneurine, and folic acid, however, retarded bacterial 
growth. 

Thioproline was found by Beerstecher (219) to inhibit bacterial growth 
by preventing the conversion of a large number of amino acids to some 
product or products essential for growth. It is apparently most effective 
in preventing proline utilization, perhaps because of the structural similarity 
to this amino acid. 

It has been suggested by Jenev (220) that the amino acids liberated in 
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hydrolysis of penicillin in cultures of bacteria may be antibiotically active 
in themselves in the p-form. An alleged enhancing effect of penicillin on 
growth of tubercle bacilli is due, not to penicillin, since this is destroyed, 
but to improved oxygen supply to test cultures which results from frequent 
opening for penicillin assay (221). 

An effect of penicillin on Achromobacter fischeri causing increase in large 
bodies and preventing development of luminescent cultures was observed 
by Warbasse & Johnson (222). 

Antipenicillinase activity was demonstrated by Behrens & Garrison 
(223) for 2-benzylimidazole, 2-methylimidazole, benzylpenicillic acid, 2- 
aminomethylthiazole, p-chlorobenzoyl-DL-seryl-DL-valine, histamine, 2- 
propyl-4-thiazolidinecarboxylic acid, and the a@-amino-8-mercapto com- 
pounds, penicillamine, thiol-threonine, and cysteine. It was also noted that 
penicillamine markedly potentiated the activity of penicillin on B. cereus, 
whereas 2-benzylimidazole, 2-methylimidazole, and 2-aminomethylthiazole 
had little or no effect. 

Davis (224) has found that penicillin sterilizes bacteria only under condi- 
tions which permit growth. He has applied this fact to the isolation of 
nutritionally deficient mutants from cultures containing various mutants. 
The method used is applicable to study of mechanism of action of various 
antibacterial substances. 

Streptomycin,—The activity of streptomycin appears to be concerned 
with a specific type of reaction. The mechanism of this particular reaction- 
type is not as yet known, but it is undoubtedly a complex of several reactions 
believed by Umbreit and his associates (225) to be quite important not only 
in bacteria but in the animal as well. 

The observation of Geiger (226) that streptomycin produced effects 
upon the metabolism of resting cells of Z. coli was confirmed by Umbreit 
(227) who traced the effect to inhibition of some portion of the terminal 
respiration system of this organism. It was postulated that streptomycin 
inhibited the oxaloacetate-pyruvate condensation and reactions analogous 
to it, and experimental study of this reaction tended to support the hypothe- 
sis (225, 228). The oxidation process concerned in E. coli may be represented 
diagramatically as follows (228): 
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The hypothetical site of action of streptomycin is at point A. Three criteria 
formed the basis for the conclusion that this reaction is, indeed, concerned 
in the antibiotic action of streptomycin: (a) the reaction was inhibited by 
concentrations of streptomycin necessary to obtain complete inhibition of 
the growing cells, (b) only those streptomycin derivatives which inhibit 
growth (streptomycin, dihydrostreptomycin, and mannosidostreptomycin) 
inhibit the reaction, and (c) a wide variety of other reactions in the cells 
are unaffected by very high concentrations of streptomycin. 

In streptomycin-resistant strains of bacteria, the oxaloacetate-pyruvate 
reaction appears to be missing (229). The alternative reaction developed 
in the resistant strains is as yet unknown. 

The oxaloacetate-pyruvate system is an important one in the animal. 
One explanation for the lack of a deleterious effect of streptomycin on this 
reaction in animal tissues is that streptomycin does not penetrate the animal 
tissue cells but remains mainly in the extracellular fluids (230). Barriers 
protect the enzyme system in the animal cells while the invading bacteria 
are unable to avoid reaction with the antibiotic, unless they have become 
resistant by developing an alternate enzyme system (229). 

The case of tubercle bacilli appears to be somewhat different, since no 
oxaloacetate-pyruvate system has been demonstrated (225). The effect 
of streptomycin may possibly be due to a reaction concerned with oxidation 
of higher fatty acids, since the latter reaction in tubercle bacilli in vitro 
is inhibited (231). Another possible site of streptomycin action includes 
the diamine oxidase system of Zeller (232). A reaction with certain desoxyri- 
bose nucleic acids, mentioned by Cohen (233), is also conceivable. The 
effect of streptomycin on respiration, growth, and morphology of tubercle 
bacilli has been compared with the effects of sulfanilamides, p-aminosalicylic 
acid, quinones, and other compounds by Zetterberg (234). In this study, 
streptomycin was observed to be primarily bactericidal rather than respira- 
tion-inhibiting. 

A possible clue to an action of streptomycin may derive from studies on 
a variant of Torula utilis which utilizes inositol. This strain has been de- 
veloped by Loo, Carter, Kehm & Anderlik (235). In contrast to the parent 
strain, this mutant is sensitive to streptomycin on a glucose or inositol 
medium. However, the inhibition is reversed by D-glucose-1-phosphate or 
by p-fructose-1,6-diphosphate. The inhibition of L. arabinosus and S. aureus 
by streptomycin is also reversed by either of the hexose phosphates. 

The activity of streptomycin as well as of certain other basic antibac- 
terial agents appears to be enhanced by aliphatic acids containing 10 to 18 
carbon atoms (236). The latter decrease the activity of penicillin, in contrast, 
and have no effect on a neutral, non-lipophilic antibiotic from C. maculosa 
It is reasoned that the lipophilic acids are held in (or on) the cell through 
van der Waal’s bonding with cellular lipids, thereby increasing the concen- 
tration of anionic groups at the site at which the antibacterial agent reacts 
with its bacterial substrate. 
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Maltol, a mild alkaline decomposition product of streptomycin, may 
possess a certain antibacterial activity of interest. The antimicrobial action 
of pyrones, including hydrogenated maltol, was investigated by Wolf & 
Westveer (237). Certain pyrones, especially 5-hydroxy-2-(chloromethy])- 
1,4-pyrone, inhibited a number of test organisms, such as A. aerogenes, 
M. pyogenes, Penicillium digitatum, and Saccharomyces cerevisiae, in the 
range of 0.2 to 0.7 mg. per ml. This action is apparently not primarily 
dependent upon reaction with essential bacterial enzymes containing the 
thiol group. 

Winsten (238) found a streptomycin-dependent strain of E. coli to be 
inhibited by various N-substituted alkyl streptomycylamines in the presence 
of streptomycin. A streptomycin-dependent strain of S. aureus was found 
capable of utilizing N-n-propyl-, N-n-butyl-, and N-n-hexylstreptomycy]- 
amine for growth in place of streptomycin. However, higher homologues 
inhibited the growth of this strain in the presence of streptomycin. The 
N-n-propyl-, N-n-butyl- and N-n-decylstreptomycylamines inhibited a 
streptomycin-resistant strain of S. aureus. It has been found by Foley & 
Schwachman (239) that streptomycin inactivated by semicarbazide or 
L-cysteine does not support or enhance the growth of streptomycin-de- 
pendent strains of S. aureus. 

Schaeffer (240) found that a streptomycin-dependent mutant of Bacillus 
cereus would grow at a rate directly proportional to the amount of strep- 
tomycin present in the medium. Growth continued for a time after depriva- 
tion of streptomycin, but respiration ceased. 

The behavior of isolated elements of a bacterial population was studied 
by Hauduroy & Rossett (241, 242) who found that streptomycin-resistance 
was not acquired with uniform ease by individuals deriving from the same 
single organism. Successive passages of bacteria, from the same single 
organism, through media containing increasing amounts of streptomycin 
does not immediately effect a uniform resistance in the individual bacteria. 
This occurs only after numerous passages in the presence of a constant 
amount of streptomycin. 

Linz (243) states that the development of streptomycin-resistance 
includes three distinguishable phases in its mechanism: fixation of strep- 
tomycin, latency period, and manifestation of resistance. Resistance may 
appear and increase either progressively or through sudden mutation or 
in both ways. 

An interesting observation has been made by Canetti & Saenz (244) 
who found that streptomycin diminishes in guinea pigs allergies caused by 
inoculation with living tubercle bacilli or by injection of tuberculin. The 
effect is not solely due to bacteriostatic action. 

Rybak et al. (245) have shown that streptomycinic acid, which has some 
antibiotic activity, differs from streptomycin by failure to precipitate with 
ribonucleic acid at pH 7.0 (although it precipitates with cephalin at that 
pH). Streptomycin inactivated with cysteine was precipitated with ribo- 
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nucleic acid (and with cephalin). Calcium chloride redissolves this precipi- 
tate, and when present in the medium lowers the inhibitory power of the 
antibiotic, possibly through prevention of attachment of streptomycin to 
sensitive sites of the bacterial cell. Gros et al. (246) have found that strep- 
tomycin, dihydrostreptomycin and streptomycinic acid all exhibit an 
agglutinating effect on many gram-positive and some gram-negative bac- 
teria. Substances which inhibit complex formation of the antibiotics with 
ribonucleic acid also prevented the agglutinating effect. 

The effect of combined streptomycin and bacteriophage on Streptococcus 
albus is that of a synergism in accelerating lysis when added after lysis has 
begun. When added to the bacteriophage prior to mixing with S. albus, 
lysis is delayed, and phage-resistant cultures develop. Edlinger & Faguet 
(247) have shown that the cells are streptomycin-resistant in these de- 
veloped phage-resistant cultures. 

A toxic action of streptomycin on the auditory system as stated by Haw- 
kins (248) occurs in the periphery at the end organ, reducing primarily the 
aural microphonic response. The neurotoxic action of streptomycin cannot 
be attributed to accumulation of the drug in the brain as a whole or in the 
brain stem, according to Hawkins, Boxer & Jelinek (249). Campbell & 
Kramer (250) noted diminished gut-responses with high doses of streptomy- 
cin. 

Mortality in mice, following exposure to x-radiation [cf. Miller, Ham- 
mond & Tompkins (276)] appears to be due in large measure to bacterial 
infection. Successful application of antibiotics in prevention of this mortality 
requires protection against bacteria normally present in the animal, and 
also against all pathogens which might establish themselves within the 
animal body when the natural resistance to infection is markedly reduced. 
Of the several antibiotics tested for this purpose by Miller et al. (251), 
streptomycin provided the best protection. 

The therapeutic effect of streptomycin in experimental tuberculosis in 
mice is claimed by Rees & Robson (252) to be enhanced by potassium iodide. 
The known effect of iodides on tuberculous lesions, i.e., breakdown of foci 
of infection and release of organisms into circulating fluids, is probably 
concerned. It is of interest to know whether streptomycin can prevent the 
development and spread of new foci of infection usually anticipated as a 
result of iodide therapy. 

Streptomycin p-aminosalicylate appears to be less effective in mouse 
tuberculosis than combination treatment with streptomycin and p-amino- 
salicylate (252). Vennesland and associates (253) have found tubercle bacilli 
(H37R,y) which have been made resistant to dihydrostreptomycin p- 
aminosalicylate to be resistant to dihydrostreptomycin alone, p-amino- 
salicylate alone and to mixtures of the two. 

Streptomycin, added at a level of 500 mg. per kg. of a nutritionally 
adequate “‘synthetic milk’? containing 2 gm. of sulfathalidine per liter, 
produced a highly significant increase in the average daily weight gains of 
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pigs (254). A very significant reduction in amount of dry matter required 
per kilo body weight gain was noted. This effect is probably due to the 
antibacterial properties of the drug. 

Aureomycin, chloramphenicol, and terramycin.—Working with aureo- 
mycin, chloramphenicol, and terramycin, Pansy ef al. (255) have shown 
that E. coli Ds. and M. pyogenes var. aureus 209 P on becoming resistant 
to aureomycin also became resistant, at somewhat lower levels, to chloram- 
phenicol and terramycin. In the same manner, the two organisms, on be- 
coming resistant to chloramphenicol, also became resistant at lower levels 
to aureomycin and terramycin. In view of this cross resistance of organisms 
for two antibiotics the probability that the two substances interfere with 
the same biological process is considered. 

The action of chloramphenicol and aureomycin on normal tissue cultures 
has been studied by Lepine et al. (256). 

The toxicity of chloramphenicol for E. coli and L. casei was decreased 
by phenylalanine in a study carried out by Wooley (257). Tyrosine and 
tryptophan also antagonized the toxic effect on L. casei. The antagonism 
appeared to be noncompetitive. It is suggested that since chloramphenicol 
is a natural analogue of phenylalanine, it may owe its antibacterial proper- 
ties to interference with the action of that metabolite. 

Studies on acquired in vitro and in vivo resistance to aureomycin by 
B-hemolytic streptococci were reported by Gezon & Fasan (258). Not much 
decrease in virulence of resistant cells was observed, but a diminished 
ribonuclease activity was observed in some variants. An effect of aureomycin 
on Trichomonas intestinalis in patients which led to an increase in these 
organisms was noted by Kleeberg & Birnbaum (259). It was suggested that 
a change in bacterial flora brought about by the antibiotic may have been 
favorable for T. intestinalis, or that aureomycin may have had a growth 
stimulation effect. Chloramphenicol-resistant and -dependent variants of a 
strain of K. pneumoniae have been developed by Gocke & Finland (260). 
Development of bacterial resistance to chloramphenicol in patients during 
treatment has been reported by Meads et al. (261). 

Combination of chloramphenicol with penicillin showed considerably 
slower action against enterococci than penicillin alone in vitro. Jawetz & 
Speck (262) also tried this combination in infected mice and found the 
death rate much higher with the combination than with penicillin alone. 
Reasons for this antagonistic effect are not completely understood. 

It is suggested by Smith et al. (263) that the ability of chloramphenicol 
to inhibit the normal metabolic processes of pathogenic bacteria may be 
related to its inhibitory action on esterase. Chloramphenicol has a high 
activity in inhibiting bacterial or crystalline liver esterase, but is not so 
effective (action incomplete) with animal cells or mitochondria. This raises 
the possibility of the existence of a barrier at the cell wall and at the mito- 
chondria which prevents the chloramphenicol from reacting with the 
esterase of the animal cell. Remarkable agreement was noted between the 
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effects of various concentrations of chloramphenicol on growth and esterase 
activity of E. coli cells. 

Terramycin administered to rats at a level of 0.3 per cent in the diet 
was observed by Kuzell & Mankle (264) to prevent the development of 
polyarthritis after infection. Cortisone failed to prevent the development of 
polyarthritis (which should not be confused with rheumatoid arthritis) when 
given on the day of infection, and did not improve the course of the disease 
when given therapeutically. 

Usnic acid.—Usnic acid (LI) was found by Johnson, Feldott & Lardy 
(265) to inhibit oxidative phosphorylation, and to prevent the uptake of 
orthophosphate which is normally associated with the oxidation of various 
substrates by a washed residue of rat liver homogenate. In this respect, its 
biological activity resembles that of atebrin, gramicidin, and aureomycin. 

It has been suggested by Hassell (266) that the presence of the symmetri- 
cal triketone structure accounts for the antibacterial activity of usnic 
acid (LI) 1,3-diketo-2-acetylindane (LII) and of humulone [(LIII); R=OH] 
and lupulone [(LIII); R=—-CH==CH—CH(CHs),]. 
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Polypeptides.—Polymyxin has been reported to form water-insoluble 
products with ribonucleic acids, mononucleotides, certain phosphoamino- 
lipids and related compounds. This is thought by Latterade & Macheboeuf 
(267) to be responsible for the ability of polymyxin to agglutinate certain 
types of bacteria. 

It was observed by Tepley (268) that gramicidin acts in a manner similar 
to atebrin and 2,4-dinitrophenol with respect to certain effects on oxidative 








406 PECK AND LYONS 


phosphorylation in rabbit kidney and liver cyclophorase systems (mito- 
chondrial preparations). Stimulation of oxidation of a-ketoglutarate by 
cyclophorase systems was effected by gramicidin in the absence of added 
inorganic phosphate. Sparking of fatty acid oxidation by members of 
the citric acid cycle and the liberation of inorganic pyrophosphate into the 
medium during the oxidation was prevented by gramicidin. 

Notatin.—Studies by Chance (269) have shown that in the presence of 
the notatin system the primary catalase-hydrogen peroxide complex is 
converted into an inactive form (complex II). Complex II is formed in the 
presence of H.O2. The rate of its formation increases with an increase in the 
steady-state H,O2 concentration and with decrease in pH. The activity of 
catalase partially converted into complex II is proportional to the number 
of free hematins. Complex II inhibits catalase activity. Chance & Herbert 
(270) also found that bacterial catalase forms primary and secondary 
enzyme-substrate complexes with hydrogen peroxide, methyl hydrogen 
peroxide, and ethyl hydrogen peroxide. The spectra, reaction constants, and 
other characteristics of bacterial catalase were compared. The greater 
activity of bacterial catalase is due to its more rapid combination with 
hydrogen peroxide. 

Miscellaneous observations—The relationship between the state of 
aggregation of antibiotics and their activity is of significance, according to 
Hauser & Marlow (271); it is suggested that study of the colloidal-chemical 
properties of antibiotics may lead to better understanding of methods of 
application. 

It is of interest to note that the symptoms of tuberculosis are aggravated 
by administration of cortisone (272). This phenomenon is being studied in 
relation to antibiotic therapy of infectious diseases. 
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IMMUNOCHEMISTRY 


By M. M. Mayer 


Department of Bacteriology, The Johns Hopkins University, School of Hygiene and 
Public Health, Baltimore, Maryland 


The development of immunochemistry and its application to problems in 
biology and medicine have proceeded vigorously during the past few years. 
New quantitative methods for precipitin analyses, for determinations of 
hemolytic antibody and complement, and for complement fixation measure- 
ments, have become available. Tracer techniques, with distinctive chemical 
groups or radio-isotopes as labels, have been used extensively. There has been 
much work on the purification and characterization of antigens from plasma, 
milk, egg-white and from various microorganisms, with results of practical 
medical importance. The mode and mechanism of antibody formation, as 
well as its physical, chemical, and immunological properties, have been 
studied further. 

Within the limited space available for this review, it has been possible 
to consider only selected topics, and to some extent these have been chosen 
to complement the subjects presented in the preceding reviews by Kabat 
(1) and Grabar (2). Thus, considerable space has been devoted to the blood 
group substances and to studies on complement, while other topics have 
been dealt with more briefly. It has not been possible to include a section 
on anaphylaxis and allergy. For more detailed treatments, the reader is 
referred to reviews on antibody formation by Burnet & Fenner (222) and 
by White (157); on complement by Heidelberger & Mayer (204); on allergy 
and anaphylaxis by Seegal (245); on immunochemical aspects of allergic 
reactions by Kabat (246); on the role of allergy in the pathogenesis of 
rheumatic fever by Fischel (158); on blood group substances by Morgan 
(65) and by Kabat (36); on humoral immunity by Sandor (247); on cellular 
immunity by Taliaferro (149a); on immunity in plague by Meyer (248); 
on the nature of the bacterial surface, a symposium edited by Miles & Pirie 
(249); on phagocytosis by Berry & Spies (250); on the chemistry of antigens, 
antibodies, and antigen-antibody interaction by Haurowitz (251), Wormall 
(252), Pauling (253), and by Kabat (254). 


ANTIGEN-ANTIBODY REACTIONS 


New quantitative analytical methods—The quantitative precipitin method 
has been used on an increased scale during the past few years, and more 
sensitive as well as less laborious procedures have been developed, although 
in some cases with sacrifice in precision. The use of ultraviolet absorption 
photometry for analyzing washed specific precipitates dissolved in 0.1 N 
NaOH or in 0.25 N acetic acid has been described by Eisen (3) and by 
Gitlin (4), respectively. Lanni, Dillon & Beard (5) have reported a method 
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in which the specific precipitates are washed, digested, and nesslerized in 
the same tube, thus eliminating the need for cumbersome quantitative 
transfers. The use of the biuret reaction for the analysis of washed specific 
precipitates has been studied by Solotorovsky, Porter & Silber (6). Kunkel 
& Ward (7) have utilized the reaction of ninhydrin with amino groups as 
the basis of a highly sensitive method for the photometric determination of 
protein in antigen-antibody precipitates. This procedure is stated to be 
approximately five times as sensitive as the phenol reagent method of 
Heidelberger & MacPherson (8), and about 4.5 times as sensitive as the 
ultraviolet light absorption technique of Gitlin (4). Boyden, Bolton & Gem- 
eroy (9) have made a comparison between precipitin determinations by pho- 
toelectric measurement of turbidity and by nitrogen analysis. The measure- 
ment of turbidity in serologic systems has been further subjected to critical 
analysis by Bolton, Leone & Boyden (10). The turbidity method has the 
advantage of great rapidity, but it requires very careful standardization 
and control. Eisen & Keston (11) have presented quantitative precipitin 
studies with bovine serum albumin and egg albumin labeled with radio- 
active iodine, and have shown how an antigen labeled with a radioactive 
isotope can be used for the approximate estimation of the potency of an 
antiserum. 

Mechanism.—Filitti-Wurmser, Jacquot-Armand & Wurmser (12) have 
determined the equilibrium constants at various temperatures for the 
combination between human group B red blood cells and anti-B isohemag- 
glutinin; enthalpy values calculated from these data ranged from 3,000 to 
16,000 calories, depending on the sub-group of the donor supplying the iso- 
hemagglutinin. These thermodynamic measurements are based on the 
earlier demonstration (13) that the hemagglutination reaction is reversible 
[cf. studies of Morris & Karr (14)]. The dissociation and bond energy of 
antigen-antibody complexes have also been studied by Haurowitz & Etili 
(15) with the aid of colored azo-antigens. By means of equilibrium dialysis, 
Eisen & Karush (16) have investigated the binding of the haptenic dye 
p-(p-hydroxyphenylazo)-phenylarsonic acid by purified antibody; they 
obtained an intrinsic association constant of 3.5105, and a value of two 
for the binding capacity (‘‘valence’’) of the antibody. Marrack, Hoch & 
Johns (17) have also presented evidence in favor of bivalence. However, a 
claim for the univalence of antibody has been made by Banks, Francis, 
Mulligan & Wormall (18). The views of Rothen concerning long-range forces 
operating between antigen and antibody have been attacked by Karush 
& Siegel (19), Trurnit (20), Singer (21), and by Oster (22). Rothen has 
replied to these objections (23). The specificity of aggregation in the aggluti- 
nation of erythrocytes has been studied by McKerns & Denstedt (24) with 
the aid of red cells treated with hydrogen sulfide so as to convert up to 75 
per cent of the hemoglobin to sulfhemoglobin. Such cells are readily dis- 
tinguished microscopically from untreated cells, and on treatment of mix- 
tures of untreated and hydrogen sulfide-treated cells of different blood 
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groups with the respective isohemagglutinins, it was found that separate 
and distinct clumps were formed, indicating that the aggregating phase of 
the agglutination reaction is specific. 

Tayeau, Faure, Neuzil & Pautrizel (25) have recently reported that 
diphtheria toxin and sheep pseudo-globulin give no precipitation with their 
respective rabbit antisera treated with alcohol-ether in the cold to remove 
lipids; precipitation of ovalbumin and horse serum albumin with lipid-free 
rabbit antisera is not inhibited but only delayed. In a quantitative study 
with horse antisera to rabbit albumin, rabbit globulins, and to pneumococcus 
type III polysaccharide, Krueger & Heidelberger (26) have found that the 
removal of lipids from antisera modifies the process of antigen-antibody 
aggregation so that the precipitates are formed only slowly and remain 
finely divided, but by quantitative analyses they could show that precipita- 
tion is complete, provided longer periods of reaction and higher speeds of 
centrifugation than those customary are used. In studies with anti-staphylo- 
coccus and anti-pneumococcus sera, Oikawa (27) found by quantitative 
agglutinin analyses that the antigen-antibody union was essentially un- 
affected by removal of lipids, although there was no visible agglutination 
of the cocci in 2 hr. at 37°C. Agglutinating capacity could be restored by 
addition of lecithin or cephalin [cf. (27a) and effect of ninhydrin (25)]. 

Use of the precipitin reaction in testing for immunological purity—The 
agar gel diffusion technique described by Oudin (28) [cf. Ouchterlony (29) 
and Elek (30)] provides a valuable method for testing the homogeneity of 
antigenic materials and for estimating the minimal number of components. 
Cohn, Wetter & Deutsch (31), studying the reaction of chicken ovalbumin 
and conalbumin with rabbit and horse antisera, and Cohn & Pappenheimer 
(32) in a study of the reaction of diphtheria toxin with antitoxins prepared 
in various animal species, have pointed out that precipitin analyses in the 
zone of antigen excess may provide an indication of the immunological 
purity of an antigen-antibody system, since the interaction of a contaminat- 
ing antigen with its antibody may give rise to precipitation far into the 
zone of antigen excess, i.e., in the range where the principal antigen-antibody 
system forms soluble compounds. It should be noted, however, as pointed 
out by Cohn & Pappenheimer (32), that with certain antigens, such as 
polysaccharides of the pneumococcus, and in the case of antigens subjected 
to damaging chemical treatment (33), precipitation extending far into 
the region of antigen excess may not necessarily be due to the presence of 
antigenic impurities. Therefore, the failure of precipitation to decline to zero 
with a moderate excess of antigen does not necessarily indicate the presence 
of impurities. On the other hand, a failure of the supernatant test criterion 
(57), ie., the simultaneous presence of antigen and antibody in the same 
supernatant fluid, is definitive evidence of contamination, provided the anti- 
gen-antibody system is not a cross reaction (34), and that the antigen or 
antibody has not been subjected to damaging treatment (35). 

Cohn & Pappenheimer (32) have also pointed out that impure antigen- 
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antibody systems may not yield a straight line when the ratio of antibady 
to antigen in the specific precipitate is plotted against antigen added. 

Limitation of space does not permit a detailed discussion, but it may be 
of value to list various immunochemical criteria for determining purity, 
viz., supernatant fluid tests (57), analyses in the zone of antigen excess 
(31, 32), the agar gel procedure (28), quantitative analyses for antigen in 
specific precipitates prepared in the antibody excess zone [cf. blood group 
substances (36)], comparison of the quantitative precipitin curve of an anti- 
gen preparation of unknown purity with that of a pure preparation [cf. 
studies of ricin (37)]. For a comparison between the agar gel technique and 
supernatant fluid tests, cf. (37a). 

Quantitative estimation of antigens by precipitin analyses.—As first shown 
by Heidelberger & Kendall (38), quantitative precipitin analyses in the zone 
of antibody excess may be used for the precise estimation of antigens. Sub- 
sequently, Goettsch, Kendall & collaborators (39 to 42), Chow (43), Chow, 
Homburger, DeBiase & Petermann (44), Kabat et al. (45, 46), Bendich & 
Kabat (47), Jager et al. (48), and Kunkel & Ward (7) have applied this pro- 
cedure to the determination of albumin and globulin in serum, lymph, 
ascitic fluid, cerebrospinal fluid, or edema fluid. Immunochemical analyses 
for y-globulin in serum have yielded higher values than electrophoretic 
determinations (48), possibly because electrophoretic fractions other than 
y-globulin may contain antigens reactive with antisera to y-globulin (48; 
cf. 50, 51, 260); on the other hand, the antisera used by Jager et al. (48) 
may have been impure (cf. 56, 263). Marrack et al. (263), however, observed 
essential agreement between electrophoretic and immunological assay for 
y-globulin. Precipitin analyses have been used by Knight (52) and by Engel 
& Randall (53) to estimate host antigens present in purified preparations of 
influenza (52) and Eastern equine encephalomyelitis virus (53). Mazur & 
Shorr (54) have utilized the quantitative precipitin method to study the 
relationship between ferritin and the vasodepressor material, VDM, obtained 
from horse or dog liver under anaerobic conditions. Gitlin, Davidson & 
Wetterlow (55) have performed analyses for serum albumin in human body 
fluids by titration with specific horse antiserum added in small portions until 
the development of turbidity. This procedure is applicable only to immune 
systems which exhibit a sharp decline of precipitation to zero on addition of 
excess antigen. 















































ANTIGENS 


Non-bacterial antigens—The immunochemical characterization of 7- 
globulin has been the subject of continued controversy. Thus, Jager et al. 
(48) have shown that two preparations of y2-globulin (II-1,2 and II-3) 
made by fractionation with ethanol behave as homogeneous antigens towards 
rabbit antisera and are immunologically equivalent in spite of their differ- 
ences in respect to chemical and physical properties (48, 49, 56). Similarly, 
Kabat & Murray (50) have demonstrated that fractions II-1,2 and II-3, as 
well as a Yo-globulin made by salt fractionation and dialysis (57), are im- 
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munochemically uniform, at least in their reactivity in the antibody excess 
zone of the precipitin reaction. Marrack, Johns & Hoch (263) have found by 
quantitative precipitin analyses that there is no significant difference between 
electrophoretic y-globulin and the salt fractionation-dialysis y2-globulin 
(57). On the other hand, Cohn, Deutsch & Wetter (56) have expressed the 
view that fractions II-1,2 and II-3, as well as more highly purified prepara- 
tions of y, and ¥2-globulin are immunologically heterogeneous, mainly on the 
basis of their precipitating behavior in the region of antigen excess (cf. dis- 
cussion in section on ANTIGEN-ANTIBODY REACTIONS), and for this reason 
they have questioned the validity of immunochemical analyses for y-globu- 
lin; they have attempted on this basis to explain the observation of Jager 
et al. (48) that immunochemical determinations of y-globulin may yield 
very much higher values than those obtained by electrophoretic analysis. 
It should be pointed out that the findings of Cohn et al. in regard to the im- 
munological heterogeneity of y-globulin preparations, mainly on the basis 
of results obtained in the region of antigen excess, might have been influ- 
enced by the variation in molecular-mass composition of the different prepa- 
rations. Thus, on inspection of their data (56), it may be seen that the 
precipitating intensity with excess of y2-globulin fractions II-1,2 and II-3, 
as well as of highly purified y2-globulin, can be correlated with the presence 
of aggregates of high molecular weight in the antigen preparations. Similar 
observations have been reported by MacPherson & Heidelberger (58) with 
respect to preparations of denatured ovalbumin varying in degree of aggre- 
gation. There is no disagreement with regard to the immunological hetero- 
geneity of y-globulin; the precipitin reaction of this protein with anti-y2- 
globulin indicates that it contains about 60 per cent of y-globulin and about 
40 per cent of material non-reactive with anti-y2-globulin (50). 

In continuation of their earlier studies on ovalbumin and conalbumin 
(31), Wetter & Deutsch (33) have presented quantitative immunochemical 
studies of ovomucoid, which indicate that this substance is immunologically 
heterogeneous; by the Oudin technique (28) the presence of at least two com- 
ponents was observed. Immunological assays of egg white with ovomucoid 
antiserum showed that 11.3 per cent of the protein in egg white is ovomu- 
coid, in good agreement with electrophoretic analysis (59) and with assays 
based on trypsin inhibitor activity, as well as with yields obtained on isola- 
tion (60). Studies by Deutsch (61) on crystalline B-lactoglobulin have also 
revealed heterogeneity, as judged by tests on supernatant fluids (57) and by 
precipitating behavior in the antigen excess zone. The presence of at least 
four antigens was indicated by the Oudin technique (28). Becker and Munoz 
have reported immunochemical studies of cytochrome-c (257). 

Species specificity of enzymes.—Krebs & Najjar (62) found that rabbit and 
chicken antisera to yeast d-glyceraldehyde-3-phosphate dehydrogenase 
inhibited the activity of this enzyme, but did not (with one exception) inhibit 
the analogous enzyme from rabbit muscle; one antiserum inhibited strongly, 
but this effect did not appear to be due to a specific immune raction. Simi- 
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larly, Miller, Pasternak & Sevag (63) found that rabbit antiserum to yeast 
hexokinase inhibited the activity of this enzyme, but had no effect on rat 
brain hexokinase. McCarty (64) found that rabbit antisera to streptococcal 
desoxyribonuclease inhibited this enzyme, but did not affect the activity of 
pancreatic desoxyribonuclease. 

Blood group A, B, O substances.—Most of the earlier studies of blood 
group A-substance, including the initial quantitative precipitin analyses 
of Kabat (66, 67), have been made on material isolated from pools of hog 
stomach linings. It has since been shown (68, 69) that some hog stomachs 
yield highly active A-substance, while others give immunologically inactive 
products in the same yield which are chemically indistinguishable from the 
active ones. Aminoff, Morgan & Watkins (70), as well as Bendich, Kabat & 
Bezer (71), have demonstrated that the inactive products possess blood 
group O activity; it has also been shown that some hogs are heterozygous, 
producing both A and O substances (71, 72). Morgan & Watkins (73) have 
found on genetic grounds that some O-substances are not true O-substances 
and have suggested the designation H-substance. (Both O and H are used 
hereafter in reference to so-called O-substance, which may actually be H- 
substance.) Annison & Morgan (72) have studied the serological reactivity 
of human and hog H-substances with a variety of anti-H sera. The A and 
H substances are destroyed by different and distinct enzymes produced in 
cultures of Clostridium welchii (74). 

The isolation from individual hog stomachs of A and O (H) substances 
of similar chemical properties posed the dilemma that either the chemical 
differences between the A and O (H) products were subtle and had therefore 
escaped detection, or that the preparations were highly impure so that the 
respective A and O (H) activities were due to minor constituents. If the lat- 
ter were true, the chemical analytical data would not be characteristic of the 
immunologically active principles. In order to resolve this difficulty, efforts 
have been made to establish the purity of the preparations both by physico- 
chemical and by immunochemical methods. One of the latter, pursued in- 
tensively by Kabat, is based on the well-established fact that in the anti- 
body excess zone of the precipitin reaction essentially all of the antigen added 
to an antiserum can be demonstrated in the precipitated antigen-antibody 
compound (75). Such analyses involve analytical determinations of the anti- 
gen in terms of some characteristic constituent, such as glucosamine. Thus, 
it was shown by Bendich, Kabat & Bezer (69) that with A-substance prepara- 
tions from individual hog stomachs, 75 to 90 per cent (average 84 per cent) 
of the A-substance glucosamine added to an antiserum was present in the 
specific precipitate. On the basis of 33 per cent glucosamine content of the 
A-substance, this indicates that 28 per cent by weight, or more, of the A- 
substance was present in the specific precipitate, and consequently immuno- 
logically inactive impurities were less than 72 per cent. Subsequently, this 
approach toward establishing the purity was extended by Kabat, Baer & 
Knaub (76) to include analyses of specific precipitates for fucose, and it could 
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be shown that 34 to 38 per cent of the weight of the hog A-substance prepa- 
rations and as much as 45 per cent of the weight of a human A-substance 
was precipitated by anti-A. In conjunction with the physicochemical evi- 
dence based on electrophoretic (71, 77), ultracentrifugal (77), and solubility 
analyses (77), these data indicate essential homogeneity. It should be noted 
that these immunochemical analyses for purity were performed with anti-A 
produced by humans following injection of hog A-substance. The use of such 
antisera can be criticized on the grounds that they might contain antibody 
to some impurity; this objection has been met by Kabat, Baer, Day & 
Knaub (78) by showing that 100 per cent of the A-substance glucosamine 
precipitated in the reaction of a hog and human A-substance with the serum 
of a woman of blood group O who had become iso-immunized to A-substance 
during pregnancy. 

The analytical properties of the hog A and O (H) substances have been 
found to be reasonably constant with the exception of the fucose content. 
Thus, seven preparations of hog A-substance and three preparations of hog 
O (H) substance contained, respectively, 5.9 to 6.6 per cent and 5.7 to 6.1 
per cent nitrogen, 55 to 61 per cent and 56 to 59 per cent reducing sugar, 32 
to 34 per cent and 32 to 34 per cent glucosamine, and 9.3 to 11.3 per cent and 
9.4 to 9.9 per cent acetyl (69). Their relative viscosities were 1.39 to 1.71, 
and 1.47 to 1.63, respectively (69), and the electrophoretic mobilities of hog 
A and O (H) substances at pH 7.4 were, respectively, —1.410~® sq. cm. 
per volt-sec. and —1.3X10-5 sq. cm. per volt-sec. (71), values which are 
probably the same within experimental error. L-Fucose, D-galactose, D-gluco- 
samine have been isolated from the hog A and O (H) substances (71). The 
presence of chondrosamine has also been indicated (79). In contrast to the 
constancy of the other constituents, the fucose content of the hog A-sub- 
stance preparations varied from 6.7 to about 9.5 per cent, and that of the 
O (H) substance preparations ranged from 6 to about 13 per cent (80). 

The analytical properties of human A-substances from saliva, stomach, 
and amniotic fluids were found to differ considerably from those of the hog 
A-substances and were not as constant, even for preparations shown to be 
immunochemically pure. Thus, nitrogen contents varied from 3.6 to 7.7 
per cent, reducing sugar from 47 to 64 per cent, glucosamine from 21 to 34 
per cent (81). Fucose content varied from about 8 or 9 to 18 per cent for hu- 
man A and O-substances (76, 77, 80). In contrast to the hog A-substance 
preparations which were dextrorotatory (82), the human A-substances iso- 
lated by Kabat were levorotatory (81), the specific optical rotations of the 
substances possessing A, specificity ranging from —2.5 to —21°, and 
those of sub-group Az varying from —27.5 to —37°. On the other hand, 
human A-substance isolated by Aminoff, Morgan & Watkins (77) from ovari- 
an cyst fluid was dextrorotatory. On the basis of ultracentrifugal and 
diffusion data, the molecular weight of this human A-substance was esti- 
mated to be 260,000 (77). It contained N-acetylhexosamine, galactose and 
fucose in the molecular proportions of 2: 1:1. On the basis of oxidation studies 
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with periodate (83), the molecular weight of the repeating unit of the poly- 
saccharide moiety has been estimated as 1800, and its partial structure has 
been suggested to be as follows: (L-fucose)2- N-acetylhexosamine: (D- 
galactose- N-acetylhexosamine)2- N-acetylchondrosamine. The following 
amino acids were detected chromatographically (77): lysine, arginine, aspar- 
tic acid, glutamic acid, glycine, serine, alanine, threonine, proline, valine, 
leucine, and isoleucine. Study of the amino acid constituents would appear 
to be important in view of their possible role in determining blood group 
specificity (82, 84). 

Extensive comparative studies of preparations of A-substance from hu- 
man saliva, human amniotic fluid, and human stomachs, have shown that 
these products differ from those of hog stomach linings in respect to their 
immunological activity (81). The human A-substances were found to be less 
active in precipitin tests than hog A-substance preparations, and they varied 
amongst themselves (81). 

In quantitative studies of the cross-reaction of the blood group substances 
with type 14 anti-pneumococcus serum, it was found that individual prepa- 
rations of hog blood group A-substance, which were identical in their reactiv- 
ity with anti-A, varied widely in their capacity to precipitate anti-Pn-14 
(85). Similar variations were observed with hog blood group O (H) substances 
and with A and O (H) substances from human saliva (85). In the case of the 
hog, but not in the case of the human A-substances, the capacity to cross- 
react with anti-Pn-14 was found to vary inversely with the fucose content 
(80). Furthermore, it was noted that the cross-reactivity of the A and O (H) 
substances from hog stomachs increased as a result of heating at pH 1.5 
to 1.8 at 100°C., despite the fact that this treatment leads to the destruction 
of the blood group specificity (82). Mild hydrolysis of the blood group A-sub- 
stance also leads to an increase in its capacity to inhibit hemolysis of sheep 
erythrocytes by anti-A and complement (77, 86). One of the striking changes 
in this treatment is the liberation of about 60 to 80 per cent of the fucose 
of the hog A and O (H) substances in dialyzable form. Since the cross- 
reactivity of hog A-substance with anti-Pn-14 varies inversely with the 
fucose content, this finding indicates that the fucose interferes with the 
cross-reaction, possibly due to its presence as end groups (84). On the other 
hand, the fucose does not appear to interfere with the blood group specific 
reaction; indeed, some of the fucose does not seem to be necessary for the 
blood group activity (82, 85). It is noteworthy in this connection that on 
partial hydrolysis with acid, which abolishes the blood group activity, some 
amino acid nitrogen is liberated, and it appears possible that these labile 
amino acids may play a role in conferring blood group specificity (82). A 
similar conclusion was reached by Bray, Henry & Stacey in respect to mild 
alkaline hydrolysis (84). 

Blood group substances have also been isolated from the saliva of human 
beings of blood group B, and from the linings of horse stomachs (87, 88). 
White the chemical properties of the human B-substances were similar to 
those of the hog and human A and O (H) substances previously isolated, 
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the horse substances showed lower hexosamine and reducing sugar and higher 
total and non-hexosamine nitrogen than did the materials from the other 
species (87). The substances isolated from horse stomachs exhibited either 
blood group A or blood group B activity, or both, or no activity, as measured 
by the ability to inhibit agglutination. As with the hog and human blood 
group substances, the horse blood group substances have also been shown to 
contain fucose (87). Quantitative immunochemical studies have also been 
published on materials isolated from bovine stomachs (89). These substances 
had chemical analytical properties similar to those of the hog and human 
substances except that their methyl pentose contents were lower. They 
exhibited either blood group A, B, O, AO, BO, or no activity in hemaggluti- 
nation inhibition tests. Four out of nine preparations showed only blood 
group B activity. In hemagglutination inhibition tests, the B substances 
exhibited 1 to 5 per cent of the activity of the B substances isolated from 
human saliva or horse stomach. They cross-reacted extensively in precipitin 
tests with human antisera to blood group B-substance prepared from horse 
stomach. 

In view of the evidence cited that blood group A, B and O (H) substances 
isolated from various sources exhibit very similar chemical properties with 
the exception of their methyl pentose contents, it does not appear feasible 
to make analytical determinations of blood group A-substance by chemical 
means [cf. (90)]. A variety of procedures for the isolation of blood group 
substance have been compared by Brown, Bennett, Holzman & Niemann 
(91), including the use of ion exchange resins (92). These investigators have 
also shown (93) that hog A-substance is slightly antigenic in some rabbits; 
similar results have been reported by Aminoff, Morgan & Watkins (77) for 
human A-substance. A spectrophotometric study of hog A-substance has 
been made by Holzman & Niemann (94). The interaction of borate with blood 
group substances and its use for the isolation of the latter has been reported 
(95). Chemical properties of blood group substances have also been studied 
by Yasuoka (96), Yosizawa (221), and Tamiya et al. (259). 

Rh hapten.—Interest in the isolation of Rh hapten has been motivated 
largely by the desire to obtain a substance which could be used to neutralize 
Rh antibody in vivo as a means of decreasing the severity of, or preventing 
erythroblastosis fetalis (97 to 103). Calvin & collaborators (97, 98) sepa- 
rated a crude, lipid-rich fraction which they called elinin, and which contains 
A, B and Rh antigen, by a procedure which initially involved sedimentation 
at 50,000 g from a dispersion of stroma at pH 7 to 8, and which subsequent- 
ly (98) included dry ether extraction of stroma. A waxy material claimed 
to exhibit Rh activity has been prepared by Carter (100) by extraction with 
ether of the insoluble fraction remaining after a series of extractions of lysed 
red blood cells with alcohol decreasing in concentration from 95 to 25 per 
cent. The work of Carter has not been confirmed by Evans, Moskowitz & 
Calvin (99), and has been expressly challenged by Howe & Rustigian (101). 
The significance of the work of Price and associates on a purified fraction 
prepared from material made by Carter’s method (102) also appears to be in 
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doubt for the same reason. This reviewer also has reservations concerning the 
isolation by Spielmann (103) of a monoaminophosphatide claimed to possess 
Rh hapten activity, since the activity exhibited by this material was not 
specific with respect to Rh hapten. 

Bacterial antigens and toxins.—Improved procedures for the isolation of 
Types I, V, VII and XII pneumococcus capsular polysaccharides (SI, SV, 
SVII, SXII) have been given by Heidelberger, MacLeod, Markowitz & Roe 
(35). SI and SV, which are known to be sensitive to degradation by alkali 
(104 to 107), give sharp equivalence zones and show maximal precipitation 
with homologous rabbit antisera only when the use of alkali is avoided, both 
in the preparation of the pneumococcus culture and the isolation of the poly- 
saccharide. MacPherson, Alexander & Leidy (108) have made quantitative 
precipitin and agglutinin measurements of the cross reactions between rabbit 
antisera to various strains of typesa, b and c Hemophilus influenzaeand types 
VI, XI, XV Aand XXIX Diplococcus pneumoniae. The quantitative precipi- 
tin method has been used by Silverman & Elberg (109) to study the anti- 
genic relationships among phenol-extracted antigens of Brucella suis, Br. 
abortus, and Br. melitensis. On the basis of tests of supernatant fluids for 
excess antigen and antibody, and from the shapes of the precipitin curves, 
it is evident that the antigen preparations were immunologically hetero- 
geneous. The chemical composition of rickettsial fractions has been studied 
by Cohen (261). The demonstration of reactive carbonyl groups is of inter- 
est, since it has been utilized in the purification of the soluble antigen (S) 
by precipitation with phenylhydrazine-p-sulfonic acid or with sodium sulfite 
(262). 

The purification of flagellar material from Proteus vulgaris and Bacillus 
subtilis has been described by Weibull (110). The flagella are detached from 
the bacterial bodies by shaking, and are separated and purified by dif- 
ferential centrifugation and salting out with ammonium sulfate. The 
chemical properties (111) including electrophoretic and titrimetric analyses 
(112), as well as x-ray studies (113, 114), indicate that the flagella are 
composed mainly of elastic, fibrous protein. In continuation of her studies 
on the proteins and polysaccharides of tuberculin (115), Seibert has found 
that rabbits sensitized with tuberculin proteins A or C, as well as with tuber- 
culin polysaccharides I or II, did not show increased resistance to tubercu- 
lous infection (116). Choucroun (117, 118) has reported the detection of 
antibody in tuberculous and leprous sera by precipitin tests with a purified 
carbohydrate hapten obtained by hydrolysis from the lipo-carbohydrate 
prepared by extraction of the tubercle bacillus with paraffin oil (119). In 
further studies of the waxy lipid extractable from tubercle bacilli by chloro- 
form, Raffel has reported induction of delayed, tuberculin-type, cutaneous 
hypersensitivity against picryl chloride (120), and against egg albumin (121), 
by injection of these substances together with the ‘‘wax.”” Of considerable 
interest is the report by Bloch (122) on a lipid which is extracted by petrole- 
um ether from virulent tubercle bacilli, but not from avirulent variants. 
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In an investigation aimed at eliminating the undesirable reactions fre- 
quently occurring in adults following administration of diphtheria toxoid, 
Lawrence & Pappenheimer (123) have shown by precipitin and anaphylac- 
tic tests that purified diphtheria toxoid and the so-called P-fraction (atoxic 
diphtherial proteins) are immunologically distinct. They demonstrated that 
almost all the Schick-positive individuals subjected to skin tests were more 
or less sensitive to the P-fraction, while only a small number were highly 
sensitive to purified toxoid (124). Therefore, the use of purified rather than 
crude toxoid for immunization of most, but not all, Schick-positive indi- 
viduals should possess distinct advantages [cf. (125)]. The advantages of 
immunization with purified toxoids have also been pointed out by Pillemer 
(126). Methods for the purification of diphtheria toxoid have been described 
by Pillemer et al. (127), Levine, Wyman & Edsall (128), and by Ross (129). 
Robbins & Pillemer (130) have reported on the extraction of pertussal toxin 
from dried Hemophilus pertussis with 0.05 M calcium chloride and its sepa- 
ration from this extract by fractionation with methanol-water mixtures. 
The partial purification of streptolysin S by fractionation with methanol 
has been described by Cinader & Pillemer (131). The detoxification of Flex- 
ner dysentery antigen has been studied by Barnes e¢ al. (132, 133, 134). 
Boroff (135, 136) has further investigated the question of the multiplicity 
of toxins of Shigella dysenteriae, as well as the problem of detoxification; 
he concluded that all the toxic properties of this organism are attributable 
to a single endotoxin, and that the toxicity of the complex resides in the 
protein moiety, while the polysaccharide imparts antigenicity and determines 
the specificity of the conjugated antigen. Tal & Olitzki (137) have presented 
evidence indicating that the conjugated protein (containing a phosphorus 
complex), which constitutes one of the components of the complete antigen 
of Sh. dysenteriae elicits most of the endotoxic reactions (lethal effect, haemor- 
rhages, decrease in liver glycogen and adrenal ascorbic acid), while the sim- 
ple protein (devoid of the phosphorus complex) does not produce these effects. 
In studies of Sh. paradysenteriae Type Z, Tal & Goebel (138) concluded that 
the toxicity of the somatic antigen can be attributed to neither the protein, 
the lipid, nor the carbohydrate component, but appears to be due to an as 
yet unknown constituent. 

Artificial and chemically altered antigens Wetter & Deutsch (33) have 
studied the changes in specificity of ovomucoid on acetylation, esterification, 
iodination and coupling, and it is of interest that these derivatives gave 
increased precipitation in the antigen excess region.' In continuation of their 
studies on the antigenicity of simple chemical compounds, Gell, Harington & 
Michel (139) have compared three substances which are capable of combin- 
ing with free amino groups, namely, 2-phenyl-4-ethoxymethyleneoxazolone, 
benzyl chloroformate, and p-nitrobenzoyl chloride, for their capacity to 
provoke antibody formation on injection into rabbits. They concluded that 


1 Cf. studies on denatured ovalbumin (58). 
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antigenicity is favored by a relatively slow rate of reaction and a high ratio 
of conjugation to hydrolysis. In a study of the antigenic properties of com- 
plexes of serum proteins with di-2-chloroethy! sulfide (mustard gas ‘‘H’’) 
Fleming, Moore & Butler (140) have found that when ‘‘H”’ reacts with serum 
proteins in the presence of sodium phosphate at pH 8-9, complexes are 
formed which contain esterified phosphate. These complexes are highly anti- 
genic in rabbits, and the precipitin reaction between these antisera and the 
coupled protein is inhibited by a phosphate ester of ‘‘H.”’ On the other hand, 
complexes formed by ‘‘H’”’ with serum proteins in the absence of phosphate 
were found to be ineffective in producing precipitating antibody in rabbits. 
Following the work of Heidelberger, Davis & Treffers (141) on phosphory]- 
ated crystalline egg albumin, Mayer & Heidelberger (142) found that the 
serological reactivity of phosphorylated horse serum albumin with antisera 
to native albumin was reduced in proportion to the phosphorus content, and 
this effect could be correlated with a reduction in relative fluidity occurring 
on phosphorylation. Boursnell, Dewey & Wormall (143) have also investi- 
gated the chemical and immunological properties of phosphorylated serum 
proteins, and found, in confirmation of Mayer & Heidelberger (142), that 
much of the combined phosphory] is bound in a labile linkage and is probably 
lost rapidly after injection into rabbits. Goebel & Perlmann (144) have 
studied the physical, chemical, and immunological changes in bovine serum 
albumin resulting from treatment with periodate at pH 7.2; prolonged treat- 
ment destroyed the capacity of the albumin to incite formation of antibody 
on injection into animals. This observation represents an extension of previ- 
ous studies by Goebel, Olitsky & Saenz (145) on inactivation of ribonuclease, 
pneumococcus type III antibody, and Western equine encephalomyelitis 
virus by periodate. In view of the inactivation of certain proteins by perio- 
date, it is evident that an unknown substance should not necessarily be classi- 
fied as a carbohydrate solely on the basis of susceptibility to this reagent. 
In the 14th paper of the series on the serological properties of simple 
substances, Pardee & Pauling (146) have responded to the criticism by Boyd 
& Behnke (147) that dyes used by the Pauling group form polymerized 
aggregates. Pardee & Pauling (146) have pointed out that results obtained 
in precipitin reactions with whole antiserum (in contrast to purified anti- 
body solutions) do not appear to be affected by aggregation of the dye mole- 
cules; this is explained to result from the combination of the dye molecules 
with constituents of serum (mainly albumin), which prevents the formation 
of appreciable amounts of aggregates. Karush (148) has pointed out that 
failure to take into account binding of azo dyes by albumin may invalidate 
the quantitative interpretation of some of the hapten inhibition experiments 
performed by the Pauling group [cf. (146, 149) and earlier papers]. 


ANTIBODIES 


Antibody formation.—As shown in a recent study by Kruse & McMaster 
(150), intensely colored azoprotein injected into the blood stream of mice 
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enters reticulo-endothelial cells in almost every organ with a final distribution 
like that of intravenously injected, finely divided particulate matter. A 
similar investigation with azoproteins has been reported by Gitlin (151). 
With the aid of radioiodinated protein antigens, Crampton & Haurowitz 
(152) have shown that most of the antigen deposited in the liver is found in 
the mitochondria, suggesting that these particles are involved in antibody 
formation. Wolfe et al. (153) have shown that the spleen plays a role in the 
ability of chickens to form antibody as evidenced by their response to injec- 
tion of small doses of antigen. Rowley (154) has pointed out that the anti- 
body response of splenectomized rats depends on the dosage of antigen and 
the route of administration. While splenectomized rats respond poorly to a 
small dose of antigen given intravenously, they respond as well as control 
animals to a small dose of antigen given intraportally or intraperitoneally. 
Taliaferro & Taliaferro (155) have analyzed the kinetics of antibody forma- 
tion in splenectomized rabbits in an evaluation of antibody formation by the 
spleen and by non-splenic tissues. Oakley, Warrack & Batty (156) have 
stressed the role of the regional lymph glands in antitoxin production follow- 
ing subcutaneous booster injections of alum-precipitated diphtheria and 
tetanus toxoid into horses, rabbits, and guinea pigs. The role of the adrenal 
cortex in immunity has been reviewed recently by White (157). Several in- 
vestigators have obtained results in disagreement with those of Dougherty, 
Chase & White (159, 160). Thus, Eisen et al. (161) and Fischel e¢ al. (162) 
found no effect of adrenal cortical hormone administration or stimulation on 
the level of circulating antibody in previously immunized animals. Herbert 
& DeVries (163) observed no increase in circulating antibody in human 
subjects following administration of adrenocorticotrophic hormone (ACTH). 
Similar results were obtained by DeVries (164) in rabbits. Harris & Harris 
(165) found that in sensitized rabbits and guinea pigs the allergic response to 
Old Tuberculin could be suppressed by treatment with cortisone, but this 
hormone did not prevent anaphylactic shock in guinea pigs sensitized to horse 
serum, nor did it influence the appearance of the Arthus reaction in rabbits. 
On the other hand, Germuth & Ottinger (166) found that large doses of 
cortisone (and to some extent ACTH) inhibited the Arthus reaction by sup- 
pressing antibody formation in rabbits injected intracutaneously with crys- 
talline egg albumin; the hormone had no effect on the passive Arthus reac- 
tion. Bjgrneboe, Fischel & Stoerk (166a) found by quantitative agglutinin 
analyses that the administration of ACTH or of cortisone resulted in a re- 
duction in circulating antipneumococcal antibody in rabbits. However, 
they considered it unlikely that the clinical results obtained with these 
hormones can be ascribed to this effect alone. 

Purification of antibody.—The low-temperature alcohol fractionation 
methods of Cohn et al. (167, 168) for the separation of the plasma proteins 
have been utilized widely; e.g., by Wittler & Pillemer (169) for the separation 
of tetanal anti-toxin from equine plasma. In continuation of a series of studies 
on y-globulins from various species, Cammarata & Deutsch (170) have 
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investigated y, and 72-globulins from hog serum. The method of electrophore- 
sis convection has been utilized by Cann, Brown & Kirkwood (171) for the 
fractionation of y-globulin prepared by ethanol precipitation. A general 
method for the specific purification of antiprotein antibodies, described by 
Sternberger & Pressman (173) is based on the use of the antigen coupled 
with diazotized arsanilic acid to precipitate the antibody. After solution of 
the washed specific precipitate in saturated calcium hydroxide, a suspension 
of calcium aluminate is added. On centrifugation of the mixture, the azo- 
protein antigen is sedimented with the calcium aluminate, while the anti- 
body remains in solution. 

Chemical and immunological properties of antibody.—By end-group assay 
with fluorodinitrobenzene, Porter (174) has shown that both immunologi- 
cally reactive and unreactive y-globulins from rabbit anti-ovalbumin sera 
have one terminal alanyl residue per molecule, and that they are alike in 
having the terminal tetrapeptide, alanyl-leucyl-valyl-aspartyl, with glutamic 
acid probably occupying the fifth position. The sedimentation behavior of 
bovine and equine immune proteins has been studied by Smith & Brown 
(172). 

In quantitative precipitin studies with diphtheria toxin, Cohn & Pappen- 
heimer (32) have shown that human, monkey, guinea pig, and rabbit anti- 
toxin exhibit the usual type of precipitin reaction characterized by the 
formation of insoluble compounds in the antibody excess zone and by a nar- 
row equivalence zone, in contrast to the flocculation reaction obtained with 
horse antitoxin, in which the toxin-antitoxin complex is completely soluble 
in excess antitoxin, and in which there is a broad equivalence zone where 
neither toxin nor antitoxin may be detected in the supernatant fluid. 

In the same study (32) it was noted that the precipitating capacity of 
rabbit and horse antitoxin was unimpaired by heating at 56°C., while that 
of human and guinea pig antitoxin was destroyed.? In a comparison of quanti- 
tative precipitin and complement fixation analyses of rabbit anti-bovine 
serum albumin, it has been found by Wallace, Osler & Mayer (220) that the 
complement-fixing activity per milligram of antibody nitrogen varies with 
the length and intensity of immunization. [There are some indications that 
similar variations may occur with respect to the mouse protective capacity 
per milligram of nitrogen of pneumococcus antibody (255, 256).] 

Tracer experiments with tagged antibody.—Pressman, Eisen and collabo- 
rators have used radioiodinated rabbit anti-mouse and rat kidney globulin 
to show that antibody against kidney tissue accumulates in the kidneys of 
these animals, and particularly in glomeruli (176 to 179). The uptake by 
the kidney of circulating anti-kidney antibody takes place within a few min- 
utes following injection (180). By absorption of the anti-kidney sera with 
fractions of kidney homogenate, it has been shown that the antigen which 
combines with the kidney-localizing antibody is not extractable by saline, 


MAYER 


* Cf. heat-lability of human antibody to pneumococcus polysaccharides (175). 
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acetone, or ether (181). Extraction with alcohol or pyridine was apparently 
not tried. Coons, Kaplan and collaborators (182 to 185) have evolved a 
method of tagging antibody by conjugation with fluorescein isocyanate. 
The resulting fluorescent antibody has been used as a specific histochemical 
stain on tissue sections for the detection of the polysaccharides of the 
pneumococcus (183) and the Friedlander bacillus (185), as well as rickettsiae 
and mumps virus (184). 





COMPLEMENT 


Chemical characterization of complement.—At the present time four com- 
ponents of complement (C’1, C’2, C’3, and C’4) are recognized. A eu-globulin, 


' constituting 0.6 per cent of the total serum protein and exhibiting C’1 


activity, has been isolated by Pillemer ef al. from guinea pig serum by 
fractionation with ammonium sulfate, and has been shown to be homo- 
geneous by electrophoretic and ultracentrifugal analysis (186). The same 
investigators also isolated a eu-globulin of high carbohydrate content 
(10.3 per cent) and high levorotation (— 193°), which exhibited C’2 and C’4 
activity and which was found to be essentially homogeneous on electro- 
phoresis, but not on ultracentrifugation. Since it was not possible to separate 
C’'2 from C’4, these components may represent different functional groups 
of the same molecule. C’3 was found to be distributed among the various 
fractions isolated, but was not separated and purified. The fractionation of 
human complement has also been undertaken by Pillemer and collaborators 
(187), but no component was isolated in a satisfactory state of purity. 
Chemical analyses, including amino acid determinations, of human C’1 
have been performed by Ecker et al. (188). 

Determination of complement in weight units—A method for the quanti- 
tative determination of complement on a weight basis has been developed 
by Heidelberger (189). The procedure represents an extension of the quanti- 
tative precipitin analysis in that the specific precipitates are formed in the 
presence of complement; the complement components which are fixed by 
the antigen-antibody aggregate contribute to its weight and may be meas- 
ured in this manner. After suitable correction for solubility it has been 
found that the combining components of complement in 1 ml. of guinea 
pig serum represent approximately 50 yg. of nitrogen (189). Similar quanti- 
ties have been shown to be present in human (190) and bovine serum (191). 
Haurowitz & Yenson (192) have reported somewhat lower values for guinea 
pig serum. Under the experimental conditions employed in these measure- 
ments (189, 193), uptake of C’1 and C’4 was practically complete, while 
the extent of fixation of C’2 and C’3 varied from 50 to 90 per cent (194, 195). 

Hemolytic measurement of complement.—With the availability of photo- 
electric colorimeters and spectrophotometers, precise and objective methods 
for the measurement of the hemolytic activity of complement in terms of 
50 per cent endpoint units (C’Hs9) have been developed (196, 197), and by 
means of these procedures it has been possible to study carefully some of 
the factors influencing the activity of complement (198). Thus, it has been 
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shown that the hemolytic activity of complement is quite sensitive to slight 
changes in the salt concentration of the reaction medium, and that mag- 
nesium and calcium ions are essential for the hemolytic activity of comple- 
ment (198). These ions should be supplied in optimal amounts (approxi- 
mately 0.00015 M calcium chloride and 0.0005 M magnesium chloride) in 
the buffered diluents employed in hemolytic measurements. 

One of the factors complicating the problem of hemolytic measurements 
is the fact that like many biological processes the lysis of red cells by comple- 
ment in the presence of antibody is not a stoichiometric process but is 
governed by the laws of probability. The formula of von Krogh (199) has 
been used widely to describe the relation between the extent of hemolysis 
and the amount of complement (200), but the probit function is also ap- 
plicable (198, 201), and Waksman (202) has recommended its use in pref- 
erence to the formula of von Krogh. The hemolytic response curve has been 
considered by Brooks (203) and others [(cf. 204)] to be determined by the 
inhomogeneity of the red cells with respect to their lytic susceptibility, but 
this is not necessarily the sole factor. Since lysis of an individual red cell 
probably results from multiple destructive action by antibody and comple- 
ment, i.e., damage at more than one surface site, Alberty & Baldwin (205) 
have pointed out that the extent of damage produced by a given amount 
of complement will not be distributed uniformly over the cell population 
but will follow a probability function. Therefore, one would obtain an S- 
shaped response curve, even if all the cells were alike in susceptibility. It is 
reasonable, of course, to consider the cell population to be inhomogeneous, 
and therefore the hemolytic response curve is probably determined both 
by the variation of cell susceptibility and the nonuniform distribution of cell 
damage. 

Hemolytic titration of complement components.—Methods for the titration 
of the components of complement in hemolytic tests have been improved 
somewhat (206, 207, 208) over those employed in earlier investigations 
(209 to 212). However, they are still far from satisfactory for a variety of 
reasons, such as the limited specificity of the treatments used in the prepara- 
tion of reagents lacking C’3 and C’4, the tendency of some of the fractions 
to be anti-complementary, and especially the lack of knowledge concerning 
the mode of action and cooperation of the components, which renders it 
difficult to evaluate the validity of the “limiting component’”’ principle 
(209). Furthermore, it has been shown recently by Vorlaender (213) that 
certain animal sera, such as those of the horse and cow, contain inhibitory 
substances which mask complement activity. As a result of the improvement 
of the methods, conclusions regarding the relative titers of the components 
have been revised somewhat (206, 214). Recently, Rice & Crowson (215) 
have reported a very extensive study of the complement component titers 
of 12 mammalian and two avian species as obtained with test reagents 
prepared from guinea pig complement, including an investigation of the 
interchangeability of the complement components of these various species. 
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Complement fixation.—The development of precise methods for the 
hemolytic measurement of complement has made it possible to perform quan- 
titative studies aimed at elucidating the fundamental characteristics of the 
complement fixation reaction (216 to 219). A new method of complement 
fixation has been developed (216), which involves addition of a considerable 
excess of complement (50, 100, 200 or more C’H;9) to the immune system 
so that only part is fixed, leaving free complement to be determined ac- 
curately by titration of the residual hemolytic activity. This experimental 
procedure permits independent variation of the amount of complement 
added, irrespective of the quantity fixed, so that the interaction of comple- 
ment, antibody, and antigen may be studied as a system of three inde- 
pendent variables. Comparative precipitin and complement fixation studies 
by this method have been made of the reaction between egg albumin and 
rabbit anti-egg albumin (219), between pneumococcus polysaccharides type 
III and VIII and their respective antibodies (217, 218), and between bovine 
serum albumin (BSA) and rabbit anti-BSA (220). 

Mechanism of complement action—Numerous investigators have sug- 
gested that complement is an enzyme but without definitive evidence. 
Yenson (223) has shown that the hemolytic action of complement is not 
inhibited by 0.01 M cyanide, monochloro- or monoiodo-acetate. Slight 
inhibition was observed with 0.01 M sodium fluoride, but this effect may 
have been due to the binding of magnesium and calcium ions. Some attempts 
have been made to determine whether complement is related to, or possibly 
identical with enzymes, or other biologically active factors, present in fresh 
serum which are destroyed on heating. For example, guinea pig serum 
phosphatase is destroyed by heating for 30 min. at 56°C., but it could be 
shown by Yenson (223) that complement is not identical with guinea pig 
serum phosphatase since the phosphatase is not fixed by antigen-antibody 
precipitates. The relationship of the components of complement to the blood 
coagulation system has been the subject of several investigations (224 to 
227). The two systems are, of course, related in respect to the participation 
of calcium and magnesium ions (198, 225). Mann & Hurn (226) have 
reported that treatment of plasma with zymin or ammonia, agents which 
destroy C’3 and C’4, respectively, blocks conversion of prothrombin to 
thrombin. Felix, Pendl & Roka (227) attempted to separate prothrombin 
from C’1, but failed. They found, however, that fixation of complement by 
an antigen-antibody complex in vitro does not remove prothrombin activity. 

The demonstration that magnesium and possibly calcium ions in trace 
amounts are essential for hemolysis by antibody and complement (198), 
and possibly for bacteriolysis as well as enhancement of phagocytosis by 
antibody and complement (228), has led to renewed speculation concerning 
the possible enzymatic mechanism of these reactions. Support for this view 
has also been derived from the demonstration that the number of molecules 
of antibody and complement needed for the lysis of a single red cell is very 
small compared to that of lytic agents such as saponin or sodium oleate 
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(192, 229). On the basis of weight determinations of hemolytic antibody 
(230, 231), and estimation of its molecular weight (232), it has been possible 
to calculate that less than 50 molecules of antibody are needed for lysis of 
one red cell (231), in fair agreement with earlier estimates based on analyses 
of purified hemolytic antibody (233, 234). Similarly, on the basis of weight 
determinations of complement (192, 229) it has been calculated that about 
25,000 to 60,000 molecules of complement are required for the lysis of a 
single red cell, but this estimate is subject to considerable uncertainty due 
to the multiple component nature of complement. Pillemer ef a/. (210) have 
studied the fixation of the components of complement by sensitized red cells 
in the cold, and have found that C’3 is not fixed; from this they concluded 
that C’3 may be the enzymatic component of the complement system. How- 
ever, complement fixation studies of other antigen-antibody systems have 
indicated that C’3 is also fixed, provided sufficient quantities of antigen- 
antibody complex are employed (194, 195). 

Since complement does not act alone, but exhibits lytic activity only in 
conjunction with antibody, it has been necessary to assume that comple- 
ment can display enzymic activity only when it is fixed at the cell surface 
by antibody; i.e., according to the classical concept, antibody merely serves 
to concentrate complement at the site of action. As an alternative, it has 
been suggested (231, 235) that the hemolytic antibody be considered the 
enzymic component of the system with complement acting as an accessory 
factor. This concept has received support from kinetic studies by Mayer, 
Croft & Gray (231), in which it was found that in the presence of excess 
complement the hemolytic reaction does not come to a standstill at any 
time but continues for an indefinite period,* while with complement present 
in limited amounts, hemolysis ceases within a short time, presumably due 
to depletion of complement. In subsequent kinetic studies of immune 
hemolysis by Mayer, Croft & Bowman (237), it has been found that the 
reversibility of the red cell-antibody union leads to a continual turnover 
of antibody, i.e., antibody transfers from cell to cell during hemolysis, and 
this effect appears to be responsible for the continuous nature of the lytic 
process when an adequate supply of complement is available. While most 
hemolytic antisera display only slow transfer of antibody from cell to cell, 
the effect, at least in principle, constitutes a point of similarity between the 
action of an enzyme and that of hemolytic antibody [cf. Michaelis (258)]. 
The experimental findings of Mayer, Croft & Gray (231) have been con- 
firmed by Morris (238), but this investigator has proposed an alternative 
interpretation; i.e., the slowly continuing lysis observed with limited anti- 
body and excess complement is considered not to be due to antibody trans- 
fer, but to be the result of red cell heterogeneity in respect to lytic suscep- 
tibility. While it cannot be doubted that the red cells are heterogeneous, and 


3 Therefore, titrations of hemolytic antibody should be based on velocity measure- 
ments as in (236). 
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that this factor influences the kinetics of hemolysis [cf. (239)], the experi- 
ments on heterogeneity presented by Morris (238) were not adequately 
controlled and therefore convey an exaggerated impression of the extent of 
heterogeneity. Furthermore, Morris’ objection has been met by direct 
demonstration of the transfer of antibody from cell to cell (237). 

Of possible importance to the mechanism of complement action is the 
demonstration by Fisher (241), and the confirmatory observations of Adler 
(242), and Cowan, Osler & Mayer (243), that certain unrelated antigen- 
antibody systems, adsorbed at the red cell surface, exert hemolytic activity 
in the presence of complement. This reaction can be explained readily in 
terms of the classical concept of the mechanism of hemolysis, i.e., hemolysis 
is caused by the complement which has been fixed at the red cell surface by 
the unrelated antigen-antibody system. It would be more difficult to explain 
this phenomenon in terms of the concept that antibody acts like an enzyme; 
however, alternative interpretations are possible, and it may be well to 
reserve judgment on this matter until the phenomenon has been studied 
more thoroughly. It would be of interest to learn whether cytotoxic reac- 
tions, such as the lysis of red blood cells, mediated by unrelated antigen- 
antibody systems acting in conjunction with complement, also occur in 
vivo. If so, it is not unreasonable to speculate [cf. (244)] whether such reac- 
tions bear any relation to anaphylactic and allergic phenomena, in the sense 
that the manifestations of hypersensitivity also result from the interaction 
of antigen-antibody systems of a specificity unrelated to the host. If such a 
relationship exists, the participation of complement in anaphylactic reac- 
tions, as claimed by Kulka (240), would be a matter of first-rate importance. 
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THE METABOLISM OF DRUGS AND 
TOXIC SUBSTANCES 


By R. T. WILLIAMS 
Department of Biochemistry, St. Mary's Hospital Medical School, London, England 


This is the second article which has appeared under the above title in the 
Annual Review of Biochemistry. Reviews, earlier than that of Bodansky (1) 
and covering the same subject matter, appeared under the title ‘‘Detoxica- 
tion Mechanisms.”’ The reasons for the change in title have been fully dis- 
cussed (1); [see also Stekol (2); Handler & Perlzweig (3)]. The new title is 
still not entirely satisfactory, because many substances, which are neither 
drugs nor toxic substances, are normally dealt with in this field; furthermore, 
inorganic substances are not usually considered under this heading. In the 
present reviewer's opinion, either title can be used, so long as it is made clear 
what it covers, and his views (4) have been clearly expressed in his book 
which has been given the short title Detoxication Mechanisms. Fearon (5) 
has briefly suggested the term ‘‘para-metabolism”’ and here again such a 
title would require definition because the prefix ‘‘para”’ can have more than 
one meaning, e.g., ‘beside’, ‘beyond’, ‘wrong’ or ‘irregular.’ It appears, there- 
fore, that no precise title can be given to cover the whole of this field which 
includes the metabolism and detoxication of drugs, toxic substances, and a 
host of nontoxic and inert organic compounds. 

The editors have requested that this article consist of a selection of topics 
rather than a comprehensive review of all the papers published since the 
last article on this subject appeared in 1948. In view of this request and of 
the necessary limitations of space, the writer has attempted to select his 
material so that the article covers almost literally what is given in the title. 

At the outset, attention should be drawn to several developments in 
technique which are having and which will have in the future a considerable 
effect on the rate at which problems of the metabolism of drugs and toxic 
substances are solved. The major difficulties in this type of work are the 
identification and isolation of transformation products from _ biological 
material. These often constitute problems of great difficulty and extreme 
tediousness which explain why the metabolism of many a compound has 
only been partly solved in the past. The result of the application of these 
techniques will be a rapid acquisition of new knowledge on the subject with 
a consequent greater insight into how the metabolism of a substance is re- 
lated to its mode of biological action. These techniques are absorption 
spectrophotometry, partition chromatography, the use of radioactive and 
non-radioactive tracer elements such as C™“ and N®, the counter-current 
extraction technique [Craig & Craig (6)], the use of enzyme preparations 
such as 6-glucuronidase and sulphatase for hydrolysis, and cytochemical 
methods. However, owing to limitations of space, the details of the applica- 
tion of these methods to detoxication problems will not be dealt with, but 


441 








442 WILLIAMS 


mention of their use will be made here and there in the body of the review. 

For convenience it is proposed to divide this article arbitrarily into two 
main sections, one of which deals with metabolism of drugs and the other 
with the metabolism of toxic substances. The word “‘drug”’ is used in the 
ordinary limited sense of a substance commonly used in medicine, e.g., 
barbiturates. The words ‘‘toxic substances” are also used in the ordinary 
limited sense, e.g., benzene. 


THE METABOLISM OF DRUGS 


General.—There is now little doubt that the activity of many drugs de- 
pends on the metabolic changes they undergo in the body, although in the 
past this has been a somewhat neglected aspect of drug activity. From the 
metabolic viewpoint, drugs may be divided, for the sake of argument, into 
two groups, (a) those which are activated as a result of metabolic changes, 
and (b) those which are inactivated. It should be made clear that this divi- 
sion is a very broad one in view of the occurrence of drugs such as epinephrine 
{[Bacq (7)] which is active in itself and may give rise to active metabolites 
with a different action. Furthermore, drugs which are activated by metabo- 
lism are also eventually inactivated by metabolism when they become 
conjugated with, for example, glucuronic acid (8). 

The study of the metabolism of drugs can be valuable, not only in 
elucidating their mode of action, but also in the search for more useful drugs. 
Thus one might find that it is better to use as a drug an active metabolite 
rather than the original substance or one might be able to avoid the toxic 
effects of a drug by modifying its structure so that it does not produce toxic 
metabolites (cf. acetanilide and phenacetin). Furthermore, the duration of 
action of a drug may be determined by its rate of transformation to inactive 
metabolites, (cf. BARBITURATES) and it may be possible to synthesise a drug 
whose duration of activity is known beforehand because one can predict 
from its structure its metabolic fate. These suggestions, however, pre- 
suppose a fund of fundamental knowledge concerning the fate of all kinds of 
organic structures. This knowledge has, as yet, only been partly acquired, 
but the prospects of acquiring it with the new techniques mentioned earlier 
(and others) are bright. It may be useful, at this juncture, to point out that 
the production of the most valuable sulphonamide drugs arose from the 
knowledge that the azo dye prontosil was metabolized to sulphanilamide. 


DrucGs ACTIVATED BY METABOLISM 


Chloral hydrate——Substantial evidence has now been obtained in support 
of the hypothesis that the narcotic activity of this substance depends largely 
on its metabolic conversion to trichloroethanol, although Butler (9) points 
out that his experiments do not prove conclusively that chloral hydrate per se 
is absolutely devoid of narcotic activity. The quantity of free trichloro- 
ethanol—which on intravenous injection appears to be a more active narcotic 
than chloral hydrate—in the blood after administration of chloral hydrate 
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to dogs is sufficient to account for the depressant effects of chloral hydrate. 
The removal of trichloroethanol from the plasma is relatively slow and it is 
eventually excreted as urochloralic acid. A small amount of chloral hydrate 
is also converted to trichloroacetic acid, which probably does not arise from 
trichloroethanol but from chloral hydrate, for in dogs receiving trichloro- 
ethanol itself there is no formation of trichloroacetic acid. This simple 
oxidation is not a process of significance in the inactivation of trichloro- 
ethanol. The metabolism of chloral hydrate thus appears to be as shown in 
diagram I. 


— CCl3°CHgOH ——————> CCl CHOC gH gg 
active metabolite) (inactive metabolite) 
CCl3°CH(OH)2 
(probably inactive 
minor CCl3-COOH 
path (inactive metabolite) 


DIAGRAM I 


Butler’s experiments on isolated tissues (10) show that the reduction of 
chloral hydrate can take place in liver, kidney, diaphragm, brain, testes, 
spleen, and whole blood of dogs and rats, but the oxidation process appar- 
ently can only be detected in liver and kidney. 

Bromal hydrate—A most instructive illustration of the relation of 
metabolic transformation to activity is afforded by a comparison of chloral 
and bromal hydrates. The anaesthetic effect characteristic of chloral hydrate 
is not found with the bromine analogue; furthermore, bromal hydrate is 
very much more toxic than chloral hydrate. Tribromoethanol (‘‘Avertin’’) 
produces narcotic effects similar to trichloroethanol and the absence of nar- 
cotic activity in bromal hydrate has been shown by Butler (11) to be prob- 
ably due to the fact that it is not converted to tribromoethanol in vivo. In 
the dog, neither tribromoethanol nor tribromoacetic acid could be demon- 
strated in the plasma following bromal hydrate administration. It appears 
that bromal hydrate rapidly reacts with plasma constituents and this 
results in the rupture of the carbon-bromine bonds. Bromal hydrate reacts 
in vitro with cysteine which is oxidised to cystine, a reaction which does not 
take place with chloral hydrate. Thus, the rapid reaction of bromal hydrate 
with tissue constituents, probably containing sulfhydryl groups, results in 
its destruction by debromination, and insufficient tribromoethanol is pro- 
duced to play any significant role in its pharmacological effects. Its high 
toxicity and reactivity in vivo is attributed by Butler (11) to its ‘positive 
halogen’”’ properties. 

Trichloroethylene.—It is convenient to mention the metabolism of this 
anaesthetic at this point because it gives rise to the same metabolic products 
as chloral hydrate. In fact it undergoes in vivo a rather remarkable trans- 
formation. From the urine of dogs inhaling trichloroethylene, Butler (12) 
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isolated trichloroethylglucuronide (urochloralic acid) and _ trichloroacetic 
acid, the former occurring in much greater amounts than the latter. The 
production of these metabolites takes place for a long period after exposure. 
It is postulated (12) that trichloroethylene is slowly transformed to chloral 
hydrate, which is then rapidly reduced to trichloroethanol and oxidised to 
trichloroacetic acid. The remarkable reaction is the proposed migration in 
vivo of a chlorine atom from one carbon to another. Butler proposes the fol- 
lowing sequence: 


CCl: CHCl — CCl;- CH(OH)2 — CCl;- CH2OH + CCl;- COOH 
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This reaction appears to be new biologically and is worthy of further study to 
see how the CCl. group is converted biologically to —CCl; or alterna- 
tively to prove whether the reaction is truly a biological one and not a purely 
chemical one. 

Acetanilide.—The main aspects of the fate of acetanilide in the body have 
now been elucidated, but to reach this point has taken more than half a 
century from the time when acetanilide was first introduced to therapy by 
Cahn and Hepp in 1886. The results of recent work show clearly that the 
pharmacological properties of this substance depend to a considerable extent 
upon the transformations which it undergoes in the body. 

In man the major portion of acetanilide is metabolised to p-acetamido- 
phenol [Lester & Greenberg (13); Brodie & Axelrod (14, 15)] which is found 
in considerable amounts in the plasma. The oxidation of acetanilide takes 
place mainly in the liver (15) and the p-acetamidophenol thus formed is 
then conjugated and excreted in the urine as the glucuronide and ethereal 
sulphate. The analgesic action of acetanilide appears to be due to the meta- 
bolically formed p-acetamidophenol which has been shown by Flinn & 
Brodie (16) to be an active analgesic when assayed by the cutaneous heat- 
radiation method; (this phenol is already known to be an active anti- 
pyretic). Although its analgesic action can be largely explained by its trans- 
formation to p-acetamidophenol, the toxic effects of acetanilide are not due 
to this phenol, for Brodie & Axelrod (15) and Greenberg & Lester (17) have 
shown that p-acetamidophenol, even in high doses, does not produce 
methaemoglobin in vivo or in vitro. In the white rat, doses of p-acetamido- 
phenol as high as 4 gm. per kg. do not produce methaemoglobin, yet in the 
same animal 0.2 gm. per kg. of acetanilide will produce 13 per cent met- 
haemoglobin (17). The toxic effects of acetanilide appear to be due to com- 
pounds formed in a minor metabolic path which involves the production of 
aniline (14, 15). Both aniline and methaemoglobin were found in the blood 
of man after acetanilide and 20 times as much acetanilide as aniline was re- 
quired to produce the same amounts of methaemoglobin in man. Since 
neither aniline nor acetanilide incubated with blood caused methaemoglobin 
formation, Brodie & Axelrod concluded that haemoglobin is not directly 
oxidised by aniline, but by some product derived from it in the organism. 
This product must be formed in the liver, for Scheff (66) has shown that 
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hepatectomy decreases the ability of aniline to form methaemoglobin in the 
blood of rats. However, p-aminophenol is a metabolite of aniline and could 
be responsible for the production of methaemoglobin, but concentrations of 
at least 1 mg. per cent of p-aminophenol are necessary for methaemoglobin 
formation in human blood in vitro. Greenberg & Lester (17) administered 500 
mg. of p-aminophenol hydrochloride to human subjects and although free 
p-aminophenol was found in the circulation, no methaemoglobin was de- 
tected. The concentration of blood p-aminophenol, however, never reached 
1 mg. per cent. Administered p-aminophenol is very rapidly absorbed and 
conjugated, and it appears that the methaemoglobin formed after acetanilide 
cannot be due to the transient occurrence of free p-aminophenol, for the 
latter is never formed in sufficiently large amounts. p-Aminophenol, how- 
ever, is not the only metabolite of aniline, for Smith & Williams (20) have 
shown that both o-aminophenol and aminoresorcinol are formed in the 
rabbit. o-Aminophenol is probably a more powerful methaemoglobin former 
than its p-isomer [Williams (18)] but we know nothing of the properties of 
4-aminoresorcinol in this respect. 

The fate of acetanilide in the rabbit is very similar to that in man, for 
Smith & Williams (8) have shown that some 70 per cent of an oral dose 
(0.5 gm. per kg.) is excreted as p-acetamidophenylglucuronide which was 
isolated from the urine as a crystalline benzylamine salt. About 12 per cent 
is excreted as the ethereal sulphate of p-acetamidophenol and the urine also 
contains small amounts of free acetanilide (0.2 to 0.4 per cent of dose) and 
free aniline (ca. 0.1 per cent). About 5 per cent of acetanilide may be de- 
acetylated in the rabbit. Furthermore, Smith & Williams (19) have shown 
that acetanilide urine from rabbits contains a small amount of a reducing 
glucuronide which is a major metabolite of aniline (20). The significance of 
this reducing glucuronide has not been elucidated but it may well play a 
significant part in the toxicity of aniline and consequently of acetanilide. The 
fate of acetanilide in the rabbit and in man appears to be the following 
(diagram IT): 





acetanilide _™ajor path | »-acetamidophenol Conjugation glucuronide and 





aan ; etherea! sulphate 
oxidation (analgesic properties) of proce Pio. 
minor path phenol (inactive 
deacetylation compounds) 
aniline »toxic substances 
DIAGRAM II 


The major metabolic path involving oxidation results in activation of 
the drug and eventually inactivation (detoxication) by conjugation. The 
minor path (ca. 5 per cent) involving deacetylation gives rise to toxic sub- 
stances via aniline. Clearly, if the deacetylation of acetanilide could be 
prevented, many of its toxic effects could be eliminated. This is partly 
achieved in phenacetin. 
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Phenacetin.—It has now been shown that the major metabolite of 
phenacetin in man [Brodie & Axelrod (21)] and the rabbit [Smith & Williams 
(20)] is p-acetamidophenol, which is probably responsible for its antipyretic 
and analgesic properties. Whereas in acetanilide these properties are achieved 
by oxidation im vivo, in phenacetin they are acquired by deethylation. The 
p-acetamidophenol formed is excreted conjugated with sulphuric and 
glucuronic acids [p-acetamidophenylglucuronide was isolated in high yields 
from the urine of rabbits receiving phenacetin (20)]. Phenacetin is a much 
more satisfactory drug than acetanilide and produces much less methaemo- 
globin (21). Its toxic effects appear to be due to deacetylation to p-phene- 
tidine which can be detected in small amounts in the blood and in the urine 
of men and rabbits. The extent of deacetylation of phenacetin both in men 
and in rabbits is less than that of acetanilide and it seems that this observa- 
tion can be correlated with its lesser toxicity. The presence of the p-ethoxy 
group appears to reduce the tendency for the acetamido group to deacetylate 
in these animals. 

In dogs phenacetin appears to produce only slightly less methaemoglobin 
than does p-phenetidine (21). Both acetanilide and phenacetin are probably 
extensively deacetylated in these animals and are likely to be more toxic to 
dogs than to men or rabbits. In this connection, Bray, James & Thorpe (22) 
have made the interesting observation that in animal tissues there are two 
deacetylases, one which deacetylates the aromatic acetamido group and the 
other which deacetylates the aliphatic acetamido group. Dog liver prepara- 
tions are able to deacetylate extensively aromatic acetamido compounds 
such as acetanilide. Rabbit liver, on the other hand, appears to be rich in 
“aliphatic” deacetylase (i.e., it readily deacetylates N-acetylglycine) 
whereas dog liver is poor in this activity. These enzymic observations agree 
very well with what would be expected from results obtained with the intact 
animal. 

Procaine.—The local anaesthetic procaine (diethylaminoethy! p-amino- 
benzoate) is broken down in man with unusual rapidity to p-aminobenzoic 
acid and diethylaminoethanol, the transformation taking place mainly by 
extra-hepatic mechanisms [Brodie, Lief & Poet (23)]. 


NH: ts CesHy, P CoO z C,H, * N(C2Hs5)2 aiid NH. “s CeH, ? COOH + (CoHs)2N o C:H,OH 


In vitro experiments show that 80 to 100 per cent of procaine added to human 
plasma is broken down within 2 min. and this suggests that the main site of 
procaine breakdown is the plasma. When 2 gm. of procaine are given to 
man by intravenous infusion, in 24 hr. only 2 per cent is excreted unchanged 
in the urine which also contains p-aminobenzoic acid and its conjugates 
corresponding to 30 per cent. The diethylaminoethanol undergoes further 
changes to unknown metabolites, and an intravenous injection of 1 gm. of 
this alcohol results in only 33 per cent appearing in the urine. The extreme 
rapidity with which procaine disappears from the plasma and the relative 
persistence and high concentration of diethylaminoethanol suggest that this 
alcohol, which possesses the pharmacologically active trialkylamino group, 








ma 
(23 
this 
are 
die 
des 
be 


un 
suc 
bit 
per 
sul 
cor 
is 1 
ing 
ing 
ap) 


ref 
cu 


po 
th: 


th 


wi 


of 
ce 


sit 





of 
ims 
etic 
ved 
The 
and 
Ids 
uch 
mo- 
ne- 
‘ine 
nen 
va- 
Oxy 
late 


bin 
bly 
c to 


two 
the 
ira- 
nds 
1 in 
ine) 
zree 
tact 


ino- 
ZOIC 
by 


van 
e of 
1 to 
ged 
ates 
ther 
. of 
eme 
tive 
this 
Up, 








DRUGS AND TOXIC SUBSTANCES 447 


may be responsible for some of the pharmacological properties of procaine 
(23). However, Kraatz, Gruber & Lisi (24) after a study of the activity of 
this alcohol, a drug of low potency and low toxicity, conclude that its actions 
are different and much weaker than those of procaine (and of parpanit, the 
diethylaminoethyl ester of 1-phenylcyclopentane-1-carboxylic acid). Thus, 
despite the rapidity of the breakdown of procaine, its activity cannot as yet 
be wholly explained in terms of its metabolism. 


DruGs INACTIVATED BY METABOLISM 


The inactivation of drugs as a result of the metabolic changes they 
undergo is a matter of considerable significance in some groups of drugs 
such as, for example, the barbiturates and the sulphonamides. In the bar- 
biturate group, it is now becoming clear that duration of action is de- 
pendent upon rate of transformation to metabolites, whereas with the 
sulphonamides metabolic acetylation not only inactivates them but also 
converts many of them into compounds of lesser solubility, a fact which, as 
is well-known, has to be carefully considered during their use in therapy. 

The following statement by Butler (25) that ‘‘metabolic reactions lead- 
ing to a strongly ionised or highly soluble product are important in terminat- 
ing the pharmacological action of a number of anaesthetics” is probably 
applicable to a large number of drugs besides anaesthetics. The reactions 
referred to include hydrolysis of esters, conjugation of alcohols with glu- 
curonic acid, and the production of carboxyl, hydroxyl, and keto groups. 


BARBITURATES 


In a review of the metabolism of barbiturates, Maynert & van Dyke (26) 
point out that much of the published work on the metabolism of barbiturates 
is unreliable due to lack of specificity in the methods used and to the fact 
that the isolation of metabolites is difficult and laborious. In fact, the 
metabolism of the barbiturates requires a thorough reinvestigation using 
the more recent techniques. In the past, the detection of barbiturates in 
biological material has largely been the detection of the unchanged barbi- 
turate. This is difficult in those cases where the drug has been metabolised. 
However, if the metabolites are known, these can be sought in such cases 
and used as proof that a particular barbiturate had been present. Recently, 
a beginning has been made on this problem using the heavy isotope of nitro- 
gen, N'5, as a tracer (27, 28, 30). The newer work is confirming the earlier 
suggestion [cf. Maynert & van Dyke (26)] that duration of activity in the 
barbiturate series depends on side chain oxidation. Furthermore, recent 
work has shown that the belief that some barbiturates are completely 
metabolised to carbon dioxide, ammonia, and urea as a result of the opening 
of the barbiturate ring is probably erroneous. However, our knowledge con- 
cerning the metabolism of barbiturates is as yet only fragmentary. 

Barbital (5,5-diethylbarbituric acid, veronal)—Barbiturates with short 
side chains in the 5-position appear to be long acting, and this may be cor- 
related with the resistance of the side chain to metabolic attack. Barbital 
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belongs to this class; it undergoes little, if any, change in vivo, and 80 per 
cent or more may be excreted unchanged in the urine. This has now been 
confirmed by Maynert & van Dyke (27) who fed barbital containing N"™ 
to dogs. None of the isotopic nitrogen appeared in the ammonia and urea 
fractions of the urine, so that no destruction of the barbiturate ring had 
occurred. No metabolic transformation product of barbital is formed and 
this is in keeping with the fact that the ethyl group as a side chain in many 
compounds is relatively resistant to metabolic attack. 
5-Isoamyl-5-ethylbarbituric acid (Amytal).—This barbiturate is classified 
as a drug with moderate duration of effect. The fate of amytal containing 
N!5 in dogs has been studied by Maynert & van Dyke (28) who found that 
an average of 81 per cent of the isotope was excreted in 48 hr. The metabo- 
lites of amytal were excreted at only half the rate of those of its isomer pento- 
barbital (see below). The amount of N!5 appearing in the urinary ammonia 
was negligible but the urinary urea contained 10 per cent of the dose. None 
of the products of simple cleavage of the barbiturate ring were found and it 
seems likely that amytal (I) is metabolised by oxidation of the side chains, 
as in the case of pentobarbital and pentothal. It seems reasonable to suppose 
that either of the side chains of amytal would be only slowly attacked, in 


* i. ia cls 


in—cO \cHg-CHg‘CH(CHg)2 
I 


view of the known stability of the ethyl group and because the end of the 
isoamyl group contains a branched chain which is normally only oxidised 
with difficulty in vivo. It seems possible that the isoamyl] side chain would 
be oxidised to —CH.-CH.-C(OH)(CHs)2. Much more information, how- 
ever, is needed on the in vivo oxidation of branched chains. Some evidence 
to this effect has been obtained by Fieser and his co-workers (76) in a study 
of the metabolism in man of a large number of potential antimalarial 2- 
hydroxy-3-alkyl-1,4-naphthoquinones (II) [for brief summary see (77)]. 


ie] 


OH 
oO 
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Whilst all the findings need not be mentioned here, it was found that 
when R was —(CHe)2-CH(CHs)2 (tsoamyl) it was oxidised to the tertiary 
alcohol, —(CH2)2: COH(CHs)2, but when R— was —(CHs:)3,4,6CH(CHs)2, 
the oxidation product was a carboxylic acid, —(CH2)3,4,6CH(CHs)-COOH. 
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Pentobarbital [5-ethyl-5-(1'-methylbutyl),barbituric acid|.—It is to be 
noted that this barbiturate (111) is isomeric with amytal but the branching 
of five carbon side chain is different and contains an asymmetric carbon 
atom. Earlier work had suggested that the drug was completely metabolised 
to carbon dioxide, ammonia, and urea, but recent work in which pentobarbi- 


on 


CHo'CH3 ——co CH2'CH3 
WN—CO ‘CH(CHs)-CHyCHgCHs i CHOH-CH3 


ml Iv 


tal containing C [Roth, Leifer, Hogness & Langham (29)] or N!® [Maynert 
& van Dyke (30)] was used shows this to be incorrect. On intraperitoneal in- 
jection of pentothal containing C™ into mice, five radioactive metabolites 
were detected in the urine by paper chromatography (29). None of these 
was urea or the original compound and no C was detected in the exhaled 
carbon dioxide. Using N!* labelled pentobarbital, Maynert & van Dyke (30) 
found that when the drug was administered orally to dogs, 60 per cent of the 
isotope appeared in the urine in 24 hr. and less than 8 per cent appeared in 
the urinary ammonia and urea. Using the isotope dilution technique, the 
urine was examined for hydrolysis products [such as ethyl(1-methylbuty]) 
acetyl urea and ethyl(1-methylbutyl)malonamide] of the barbiturate ring, 
but none were found. A metabolite which is co-precipitated with ethyl(1- 
methylbutyl)-malonuric acid was found and in a brief note, Maynert & van 
Dyke (31) show this metabolite to be a hydroxypentobarbital. This com- 
pound was without pharmacological action. It was dextrorotatory and ac- 
cording to Maynert & van Dyke (26) must be derived from one of the 
enantiomorphs of pentobarbital which is itself an externally compensated 
compound. A number of considerations has led these workers to favour IV 
as the probable formula for their hydroxypentobarbital. In this formula 
there are two asymmetric carbon atoms. 

Pentothal (5-ethyl-5(1'-methylbutyl) thiobarbituric acid, thiopental|.—It is 
to be noted that this drug (V) is a sulphur analogue of pentobarbital. It is 
classified as an ultra-short acting drug. 


2 F a EN—CQ _CHy‘CHs 


N 
BN—co CH(CH3)-CH2' CHa’CH3 Br—cO \CH(CH3)-CHg'CH‘COOH 
v VI 


In man, pentothal is completely changed and only 0.3 per cent is ex- 
creted unchanged [Brodie, Mark, Papper, Lief, Bernstein & Rovenstine (32)]. 
Some 10 to 25 per cent is excreted as pentothal carboxylic acid which is 
devoid of anaesthetic activity in mice and dogs. One of the three possible 
formulae for this acid is VI, for the carboxyl group is in one of the side 
chains. Although pentothal is an ultrashort acting drug, its rate of trans- 
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formation in man is slow, being about 15 per cent per hour, and even slower 
in dogs. However, the drug rapidly leaves the plasma and is probably de- 
posited in the fat, so that rapid recovery following a single intravenous dose 
does not appear to be due to rapid metabolism of the drug (32). In the dog, 
only traces of pentothal carboxylic acid are found in the urine and if this 
acid is administered intravenously it is further metabolised. The metabolic 
path of pentothal (32) appears to be pentothal—pentothal carboxylic 
acid—further metabolites. 

It is interesting to compare pentothal with its oxygen-analogue, pento- 
barbital. The former, an ultra-short acting drug, forms a carboxylic acid 
in vivo, whereas the latter, a drug of moderate duration of action, forms a 
hydroxy derivative. However, other metabolites may be formed in both 
cases and their metabolism may not be as different as our present knowledge 
indicates. 

If the duration of action of a barbiturate depends on its metabolism, 
then it follows that if metabolic changes could be retarded, the duration of 
action should be prolonged. Shideman, Kelly & Adams (78) have shown 
that the duration of action of sodium pentothal, thioethamy]! (5-ethyl-5- 
isoamylthiobarbituric acid) and surital [5-allyl-5-(2’-pentyl)-thiobarbituric 
acid] is significantly prolonged in mice subjected to liver damage with car- 
bon tetrachloride. Similarly, Crepax & Gilbertini (102) found pentothal 
narcosis to be remarkably prolonged if liver function was disturbed by 
ligature of the hepatic artery or of the biliary duct. 

In rats, subtotal hepatectomy and diminished blood flow both signifi- 
cantly prolonged the duration of action of pentothal (78). 

It is possible, of course, that the barbiturates and their oxidation prod- 
ucts may be excreted in conjugation with glucuronic or sulphuric acid. 
Anderton, Smith & Williams (33) have shown that barbituric acid (VII) 
(pKa 4.0), barbital (pKa 7.4), uracil (pKa 9.45) and alloxan (pKa 6.6) do 
not form ethereal sulphates in the rabbit, although isobarbituric acid (VIII) 
(pKa 11.0) does so [cf. Cerecedo (34)]. From these and other observations 


oc ~~ of __ sor 


vi vill 


these workers have suggested that for ethereal sulphate conjugation, the 
hydroxyl group should occur in the enolic system —-C—C(OH)—C— with 
a pKa ca. 7 to 11. This system can occur in isobarbituric acid but not in 
barbituric acid, although here the system —-N==C(OH)—C— can be 
formed by enolisation. It appears, therefore, that the barbiturate drugs are 
unlikely to be excreted as ethereal sulphates. Whether or not they can form 
glucuronides has yet to be investigated. 
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OTHER DruGs 


Chloramphenicol (chloromycetin).—This new antibiotic which is highly 
effective against rickettsiae and gram negative bacteria contains an aro- 
matic nitro group and has been shown to be D-(-)-threo-2-dichloracetamido- 
1-p-nitrophenyl-1,3-propanediol. As far as the writer is aware, chloram- 
phenicol and the plant glycosides, hiptagin and karakin (which contain 
8-nitropropionic acid) [Carter & McChesney (35)] are the only known 
natural compounds containing a nitro group. 

In the animal body aromatic nitro groups are known to be reduced to 
amino groups, the formation of hydroxylamines being an intermediate step 
(36). However, this reduction process may not be very extensive. Further- 
more, the extent of reduction appears to depend on the orientation of the 
nitro group and on the presence of other substituents in the aromatic ring. 
Thus, in the intact rabbit and the rat, o-nitrobenzoic acid is more ex- 
tensively reduced than its m- and p-isomers (37, 38), whereas with the 
nitrophenols, the o-isomer is less extensively reduced than its m- and p- 
isomers (39). 

Chloramphenicol is rapidly absorbed, inactivated and excreted, and in 
man about 90 per cent of the orally administered drug is eliminated in the 
urine in 24 hr. mainly as inactive metabolites in which the nitro group is 
intact [Glazko, Wolf, Dill & Bratton (40)]. Very little if any is reduced to 
amines in man and less than 10 per cent is excreted unchanged. In the rat, 
parenteral administration of chloramphenicol results in excretion into the 
intestine where some reduction of the nitro compounds to arylamines takes 
place probably by the intestinal flora. Inactivation of chloramphenicol also 
takes place in vitro with minced liver preparations, inactive nitro com- 
pounds and small amounts of aryl amines being produced. 

The identification of the metabolites of chloramphenicol was under- 
taken by Glazko, Dill & Rebstock (41). The compounds isolated, using paper 
chromatography and counter-current partition, were unchanged chloram- 
phenicol and its glucuronide (IX) and 1--nitrophenyl-2-amino-1,3-pro- 
panediol (X). The main product was the therapeutically inactive chloram- 
phenicol glucuronide (IX), which was isolated as a sodium salt containing 


NO2 <S CHOH-CH(NH-CO-CHCl2)-CH20C gH 90g 


NO» <_S CHOH-CH(NH2)‘CH20H 


x 


one molecule of ethanol of crystallisation. Both glucuronic acid and chlor- 
amphenicol were identified as products of the hydrolysis of this metabolite 
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by 8-glucuronidase. Evidence was presented to show that the glucuronic 
acid residue was probably attached to the primary and not the secondary 
alcohol group of chloramphenicol. These findings are in keeping with the 
suggestions of Dodgson, Smith & Williams (42, 43) on the orientation of 
glucuronic acid conjugation. These workers suggested that when a com- 
pound containing more than one hydroxy! group is administered to an ani- 
mal only one is conjugated with glucuronic acid, and if the hydroxyl groups 
are different a primary alcohol group will be conjugated in preference to a 
secondary and a secondary to a tertiary. 

Antipyrine——The analgesic and antipyretic drugs, acetanilide and 
phenacetin, are relatively quickly metabolised so that in 6 hr. or less follow- 
ing a therapeutic dose little or no drug is found in the plasma. A study of the 
fate of antipyrine (XI) in man by Brodie & Axelrod (44) has shown that it 
is an unusually stable drug in man. It is metabolised at the rate of about 6 
per cent per hr. and a single therapeutic dose may give effective plasma 
levels for 15 hr. or more. Brodie & Axelrod express the opinion that ‘‘the 
drug merits reinvestigation as to its clinical value in situations where rela- 
tively enduring analgesic and antipyretic action is desired.”’ In man, some 30 
to 40 per cent of the drug is slowly oxidised to 4-hydroxyantipyrine (XII) 
which is quickly conjugated. Since this metabolite is slowly formed and 
rapidly conjugated, it seems unlikely to play any significant part in the 
activity of antipyrine. 4-Hydroxyantipyrine itself when fed to man can be 
recovered almost quantitatively in the conjugated form in the urine within 
24 hr. About 5 per cent of a dose of antipyrine is excreted unchanged in the 
urine and some 60 per cent is metabolised through an unknown route which 
may involve ring cleavage. The fate of the benzene ring of antipyrine other 
than that appearing in 4-hydroxyantipyrine is unknown. 

Although highly stable in man, antipyrine is relatively unstable in dogs 
and rabbits and is metabolised at the rate of 50 per cent per hour (44). 


—" HOC——C:CH3 (CH3)gNC——C:'CH3 
Oc, N-CH, Oc, N-CHg oc. N-CH 
\ 7 3 
af ‘Y , 
antipyrine 4-hydroxyant ipyrine pyramidone 
xI xu xi 


There is little or no evidence that antipyrine produces agranulocytosis. 
This is in contrast with its 4-dimethylamino derivative, pyramidone (XIII), 
which is capable of producing severe and sometimes fatal agranulocytosis 
and is largely metabolised by demethylation of the dimethylamino group 
to 4-aminoantipyrine and its acetyl derivative (45). Pyramidone has also 
been shown to be a methyl donor (68), the methyl groups of the 4-dimethy!- 
amino group probably being transferred. 
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DRUGS AND TOXIC SUBSTANCES 
THE METABOLISM OF TOXIC SUBSTANCES 


BENZENE HYDROCARBONS 


Benzene.—In recent years considerable progress has been made in eluci- 
dating the fate of benzene in the body. Working with rabbits, Williams and 
his co-workers [Porteous & Williams (46, 47); Parke & Williams (48, 49)] 
have studied the fate of single oral or injected doses of benzene. Several 
metabolites have been isolated and estimated. At dose levels of about 0.5 
g. per kg. an average of 40 per cent of the administered benzene was elim- 
inated through the lungs in the unchanged state (48), and no appreciable 
amount was detected in the urine. It has been shown by Teisinger & Skran- 
owsky (50), however, that in human beings exposed to benzene in industry 
small amounts of unchanged benzene do appear in the urine. This benzene 
can be readily estimated polarographically and the amount excreted (0 to 
3.74 mg. per |.) corresponds to the severity of exposure. In fact, the direct 
determination of benzene in urine as an index of exposure is preferable to 
the determination of the sulphate ratio which is liable to be affected by other 
factors (50). At higher dose levels than 0.5 g. per kg., the percentage of ben- 
zene eliminated via the lungs rises and it appears that the rabbit has a 
limited capacity to metabolise benzene which Parke & Williams (48) suggest 
is about 350 mg. per kg. per day. 

The metabolised benzene appears in the urine in the form of the ethereal 
sulphates and glucuronides of phenols (46, 47), of phenylmercapturic acid 
(48) and of muconic acid (51). The ethereal sulphate fraction of benzene 
urine contains phenol, catechol, quinol, and hydroxyquinol and corresponds 
to about 9 per cent of the dose of benzene. The glucuronide fraction (11 per 
cent of the dose) gives only phenol on hydrolysis and small amounts of 
phenylglucuronide can be isolated from it (51). Neither phenylsulphuric 
acid nor phenylglucuronide on injection are further metabolised in the rabbit 
(52). Catechol is slightly oxidised to hydroxyquinol in the rabbit (53) but 
quinol is not (54). Rabbits receiving benzene also excreted about 1 per cent 
of the dose as phenylmercapturic acid (49) and a further 1 per cent is ex- 
creted as muconic acid (51). The present status of the metabolism of benzene 
in the rabbit is shown in diagram III. Many of the details still have to be 
worked out. 

-catechol*—> hydroxyquinol* 
uinol* 


-phenylsulphuric acid 
-phenylglucuronide 


phenol + 





Benzene 60 per cent 


(dose 0.5 gm./kg.) metabolised to > henylmercapturic acid 
muconic acid 





40 per cent 
eliminated unchanged 


* eliminated as ethereal sulphates 
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The major metabolite is phenol, which accounts for at least 10 per cent 
of the dose. Catechol and quinol are excreted in equal amounts and also 
account for at least 10 per cent of the dose. Hydroxyquinol, phenylmercap- 
turic acid, and muconic acid are minor metabolites which together may 
amount to less than 5 per cent of the administered benzene. 

The enzymes involved in the in vivo reactions of benzene are at present 
unknown and consequently the exact mechanism of the transformation of 
benzene into each of its metabolites is obscure. Fabre (55) has studied the 
oxidation of benzene in isolated tissues and has shown that in rat liver ben- 
zene is converted to phenol which is then conjugated. The process is enzy- 
matic and occurs at an optimum pH of 7 and an optimum temperature of 
38°C. Whatever the enzyme system involved—we may call it ‘‘benzene 
oxidase’’—it is an important one and the elucidation of its nature and 
mechanism of action will no doubt be of great value to the general problem 
of the oxidation of aromatic rings. 

Sylvén & Larsson (69) have made the interesting observation that when 
benzene is applied to the skin of mice there is an early depletion of the 
granular substance of the dermal mast cells. This effect is also shown by 
phenol and naphthalene but not by phenanthrene and 20-methylcholan- 
threne. Now the granular substance of the mast cells contains heparin which 
contains much ethereal sulphate and hexuronic acid (glucuronic acid?) the 
prerequisites for detoxication, and Sylven & Larson suggest that the granular 
substance may be concerned in local detoxication reactions in the skin. 
That local mercapturic acid formation takes place in the skin with benzene, 
naphthalene, and phenanthrene has already been suggested by Crabtree 
(70). 

Toluene and xylenes.—Pure toluene and xylenes are much less chronically 
toxic than benzene (67), but are rarely used industrially. Commercial 
toluene and xylene usually contain benzene. There is little doubt that these 
toxicological differences are due to differences in metabolism, for the main 
metabolites of benzene are phenols whereas those of toluene and the xylenes 
are relatively nontoxic aromatic acids. It is well known that toluene is 
mainly oxidised to benzoic acid. In rabbits, Bray, Humphris & Thorpe 
(56) have shown that the main metabolites of the three isomeric xylenes are 
the corresponding toluic acids, the extent of oxidation to these acids being 
o-, 60, m-, 81 and p-, 88 per cent. All three isomers are, however, slightly 
oxidised to xylenols, but the formation of these phenols is only appreciable 
in o-xylene which may yield up to about 20 per cent of xylenol. If chronic 
toxicity is related to oxidation to phenols, then o-xylene should be more toxic 
than its isomers. 

Other hydrocarbons.—The metabolism of polycyclic hydrocarbons has 
been reviewed recently in several publications (e.g., 57 to 60), and in view 
of this and of space limitations, we shall not deal with them here. 

The problem of the biological aromatisation of hydroaromatic compounds 
has also been excellently reviewed by Dickens (61) who draws attention to 
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the marked species differences that occur in the aromatisation reaction, a 
reaction which only occurs in intact tissues (mainly liver) and not in homog- 
enates. The aromatisation, for example, of quinic acid (1,3,4,5-tetrahydroxy- 
cyclohexanecarboxylic acid) to benzoic acid apparently only occurs in man 
and not in dog, rat, cat, rabbit, or guinea pig (61). 


ARYLAMINES 


Numerous aromatic amines are being used in the dye industry and many 
of them are toxic. A few have been assigned a carcinogenic role, namely 
g-naphthylamine and benzidine, and probably aniline and a-naphthylamine. 
Two of these substances have been studied recently from a metabolic stand- 
point. 

Aniline—Small doses (100 mg.) of aniline hydrochloride in human 
beings appear to be almost completely converted into conjugated N-acetam- 
idophenol (15); only traces (0.6 per cent) of unchanged aniline are excreted. 
In the dog, on the other hand, aniline is converted into conjugated p- 
aminophenol, there being no appreciable acetylation as would be expected 
in this animal. Other metabolites were not looked for in these animals. 
In rabbits receiving large doses of aniline, Smith & Williams (20) have been 
able to show that the metabolism of aniline is a very complicated matter 
and although they isolated several metabolites, they were unable to identify 
the major metabolic product. Aniline is not highly acetylated by the rabbit, 
but about half of it is converted into o- and p-aminophenol and small 
amounts of dihydroxyanilines. Both o- and p-aminophenol were isolated 
from the ethereal sulphate fraction and both p-amino- and p-acetamido- 
phenylglucuronides were isolated from the glucuronide fraction. The most 
striking observation was that aniline urine from rabbits was reducing and 
free glucuronic acid could readily be isolated from the urine. It was sug- 
gested that some 50 per cent of the aniline fed formed a labile glucuronide. 
A similar reducing compound was formed when p-phenetidine and the o-, 
m- and p-anisidines were fed (62). A similar type of compound may be formed 
from the o- and m-acetotoluidides for Bray & Thorpe (63) report that highly 
reducing urines are produced when these compounds are fed to rabbits. It 
may well be that the aromatic ring in these aryl amines undergoes reduction 
in vivo, in the same way as naphthalene and anthracene. 

p-Phenetidine—Here again the evidence indicates an involved metab- 
olism (62) for this compound is not only de-ethylated to p-aminophenol which 
is then conjugated at both ends to give p-acetamidophenylglucuronide, but 
also oxidised to 2-hydroxy-4-ethoxyaniline. A very large amount of ap- 
parently free glucuronic acid can be isolated from the urine of rabbits re- 
ceiving p-phenetidine orally. A new aspect of the metabolism of aryl amines 
is no doubt involved and requires elucidation. 

b- Methylthioaniline—The metabolism of this substance in the animal 

body is of interest because it involves an instance of a biological reaction 
which has been rarely observed, namely the oxidation of the thio-group>S$ 





456 WILLIAMS 


to sulphone>SOz. Rose & Spinks (71) fed this substance to mice and 
isolated from the urine p-methylsulphonylacetanilide. This sulphone is also 
formed in rats and rabbits. It seems likely that a sulphoxide is formed as 
an intermediate, thus: 


p-NHsCsH,SCH;—>p-NH2CsH,SOCHs|—>-NH(CH;CO) - CsH,SO2CH; 
The only other instance of this reaction, as far as the writer is aware, was 
reported some 45 years ago by Underhill & Closson (72) who observed that 


methylene azure (XV) and its leuco form were metabolites of methylene 
blue (XIV) in rabbits. It seems likely that the reverse reaction>SOz>>S§ 


H H 
N 
(CH3)gN N(CH3)2g (CH3)2N N(CHs)2 
s 
02 
XIV xv 


does not take place in vivo, for Bennett (73) has shown that methionine 
sulphone, CH3:SO2- CH2- CH2- CH(NH:2)- COOH, does not support growth 
in rats. On the other hand, the reaction, >SO—>S, probably does take 
place [cf. Smythe (74)], for albino rats show identical growth curves when 
DL-methionine or DL-methionine sulphoxide was added to a methionine- 
deficient diet (75). This suggests that the body is capable of carrying out 
the reaction, CH ;-SO-CH.2-CH2-CH(NH:2)- COOH->CH;-:S- CH:: CH: 
CH(NH:2)- COOH. 

B-Naphthylamine.—This substance induces cancer of the bladder in the 
dog but not in rats, rabbits, or monkeys. Furthermore, it forms 2-amino-1- 
naphthol in the dog and 2-acetamido-6-naphthol in the rat, rabbit, and 
monkey. On the surface, this species difference in metabolism suggests a 
relation between the metabolism of the compound and carcinogenesis. How- 
ever, Manson & Young (64) have shown that both 2-amino-1-naphthol and 
2-acetamido-6-naphthol are metabolites of 8-naphthylamine in the rat. A 
considerable amount of B-naphthylamine has not been accounted for in most 
of these different animals and, until a more complete study of this compound 
in all three species has been carried out, no further light can be thrown on the 
possible relation between its metabolism and carcinogenicity. Manson & 
Young have also produced evidence which suggests that 2-acetamido-6- 
naphthol is produced via 2-acetamidonaphthalene for on administration of 
the latter to rats, the former is excreted; and free 2-amino-6-naphthol is not 
found after administration of 8B-naphthylamine. These findings are in- 
teresting in view of Smith’s suggestion [(91), see also (8)] that the acetamido 
group sterically hinders o-oxidation; 2-acetamidonaphthalene would thus 
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be expected to give 2-acetamido-6-naphthol, whereas 6-naphthylamine, if 
the amino group remains unacetylated as in the dog, would give 2-amino-1- 
and -6-naphthol. Recently, Clayson (65) has shown that in the dog up to 70 
per cent of B-naphthylamine may be excreted as derivatives of 2-amino-1- 
naphthol, whereas less than 6 per cent of 2-acetamidonaphthalene is so 
excreted. Similar results were found with the cat (65). The view that aro- 
matic acetamido compounds do not undergo o-oxidation in vivo when the 
acetamido group is not deacetylated is supported by the findings of Bray & 
Thorpe (63) on the o- and m-acetotoluidides, of Bielschowsky (92) on 2- 
acetamidofluorene and of Smith & Williams (8) on acetanilide. None of 
these substances gives o-aminophenol derivatives in vivo. 


HALOGENATED HyDROCARBONS 


Chlorobenzene, bromobenzene, and iodobenzene. Mercapturic acid and 
ethereal sulphate synthesis ——The metabolism of the monohalogenobenzenes 
is a matter of constant interest in view of their relation to the metabolism 
of cysteine and cystine. Recently, Spencer & Williams (79) and Smith, 
Spencer & Williams (80) have discovered new aspects of the metabolism 
of these compounds. Chlorobenzene has been shown to undergo extensive 
oxidation in the rabbit with the formation of 4-chlorocatechol as the main 
product. Whereas about 25 per cent of chlorobenzene fed to rabbits is ex- 
creted as the mercapturic acid, the remainder is mainly converted to chloro- 
catechol which is excreted as a monoglucuronide (4-chloro-2-hydroxyphenyl- 
glucuronide) (43) and an ethereal sulphate in roughly equal amounts. 
p-Chlorophenol is only a very minor metabolite. Chlorobenzene was also 
shown to undergo ‘‘perhydroxylation”’ a reaction which has hitherto only 
been shown to occur with polycyclic hydrocarbons (naphthalene, anthracene, 
and phenanthrene), for 3,4-dihydro-3,4-dihydroxychlorobenzene was iso- 
lated in very small yields from chlorobenzene urine. 

Bromo- and iodobenzene are also extensively oxidised in the rabbit (79) 
and it seems likely that they also produce metabolites similar to those of 
chlorobenzene. 

Interest in the relation of L-cystine to bromobenzene metabolism is still 
active. Binkley (81, 82) has shown that the administration of choline in- 
creases the excretion of mercapturic acid in dogs and rats receiving bromo- 
benzene but the reason for this is not clear. In cystinuric dogs, administration 
of bromobenzene and the subsequent formation of p-bromophenylmercap- 
turic acid does not decrease the excretion of cystine as would be expected. 
This suggests that two different metabolic pathways are involved here. 
According to Binkley, the simplest explanation for this observation would 
be that mercapturic acid formation is a function of the liver whereas the 
metabolic error leading to cystine excretion is to be found in the kidney. 
Gutmann & Wood (83) have studied mercapturic acid formation from bromo- 
benzene with the help of L-cystine containing radioactive S**. Although the 
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p-bromophenylmercapturic acid isolated was radioactive, it was shown that 
only 4 per cent of the labelled sulphur appeared in the mercapturic acid and 
less than 10 per cent of the total mercapturic acid excreted in 24 hr. came 
from exogenous sulphur. This result confirms the earlier view of Stekol 
(84) that the cysteine for mercapturic acid synthesis comes largely from 
nondietary sources. No evidence was obtained, using radioactive cystine, 
that 3,4-benzpyrene administration results in the excretion of a mercap- 
turic acid in rats (83), although it does not follow that, since no mercapturic 
acid is found in the urine, none is formed in the body. 

Spencer & Williams (85) have made the interesting observation that if 
bromobenzene is fed to rats on a diet containing insufficient cystine for 
both detoxication and normal well-being, bromine (possibly as p-bromo- 
phenylcysteine) appears in the hair in enhanced amounts. 

The work of Binkley (82) has suggested a relationship between mercap- 
turic acid and ethereal sulphate formation in rats receiving bromobenzene. 
That such a relationship existed was advanced by Sherwin nearly 30 years 
ago. From the data presented, Binkley concluded that in so far as dietary 
sources of sulphur are concerned, it is of little importance whether a com- 
pound is excreted as a mercapturic acid or an ethereal sulphate, for the 
demands upon the dietary sulphur are identical. When choline is admin- 
istered to rats receiving bromobenzene there is an increased output of mer- 
capturic acid and a corresponding decrease in ethereal sulphate, so that the 
total detoxication as sulphur compounds is the same with or without choline. 
In these experiments, however, glucuronic acid conjugation was not con- 
sidered. They do, however, raise the question of the origin of the sulphate 
involved in ethereal sulphate synthesis. Laidlaw & Young (86) and Dziewiat- 
kowski (87) have shown that, in rats receiving Na2S*°O,, the radioactive 
sulphur is found in the inorganic and ethereal sulphate fractions of the 
urine, and when such compounds as 8-naphthylamine (which forms 2-amino- 
1-naphthol in vivo), B-naphthol or phenol are simultaneously administered 
with radioactive sodium sulphate, there is an increase in the amount of 
radioactive ethereal sulphate excreted. Thus, in rats receiving Na.S*O, 
intraperitoneally, Laidlaw & Young found 86 to 90 per cent of the S** in 
the inorganic sulphate and 5 to 6 per cent in the ethereal sulphate, whereas 
after simultaneous feeding of B-naphthylamine, the figures were 44 to 49 
per cent S** in the inorganic and 44 to 48 per cent in the ethereal sulphate 
fraction. According to Binkley (82), although administered inorganic sul- 
phate may appear in the urine as ethereal sulphate when such compounds 
as phenol are simultaneously administered, exogenous inorganic sulphate 
does not increase the ethereal sulphate output. He found that L-cystine in- 
creased the ethereal sulphate output of rats receiving p-bromophenol above 
that on the basal diet plus the phenol, whereas sodium sulphate was ineffec- 
tive in this respect. It appears to the reviewer that much still remains to 
be done on the relation of mercapturic acid formation to the ethereal sul- 
phates [for discussion see Smith, Spencer & Williams (80)]. 
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D.D.T. and D.D.D. Biological dehalogenation.—In the insecticides D.D.T. 
2,2-bis(p-chlorophenyl)-1,1,1-trichloroethane] and D.D.D. [2,2-bis(p-chlo- 
rophenyl)-1,1-dichloroethane] we have another type of halogenated hydro- 
carbon which is toxic and undergoes a different kind of metabolism from 
that of the halogenobenzenes. They do not form mercapturic acids. This 
would be expected, since the position para to the aromatic chloro group is 
blocked. D.D.D. (Rhothane) is finding increased agricultural use and is 
less toxic than D.D.T. Both compounds are metabolised in dogs, rabbits, 
and rats to the same urinary end product by loss of the aliphatic chloro 
groups to D.D.A. [2,2-bis(p-chlorophenyl)-acetic acid] [Finnegan, Haag & 
Larsson (88); Judah (89)]. Small amounts of both insecticides are excreted 
in faeces and some is stored in the tissues, especially fat, but they do not 
cause changes in the urinary sulphur or glucuronic acid. Whereas in the 
intact animal, D.D.T. is mainly converted to D.D.A., in tissue slices of 
kidney, liver, brain and diaphragm only 5 per cent of D.D.T. is oxidised to 
D.D.A., the rest being unchanged (89). 

Recent work suggests that there may be a relationship between the 
ability of an insect to metabolise D.D.T. and the susceptibility of that 
insect to D.D.T. Sternburg, Kearns & Bruce (93) have shown that in re- 
sistant strains of houseflies, D.D.T. is rapidly metabolised to what is 
probably 2,2-bis-(p-chlorophenyl)-1,1-dichloroethylene (D.D.E.) and small 
amounts of D.D.A., which are largely retained in the body. D.D.E. was 
detected spectroscopically and is believed to be an intermediate in the con- 
version of D.D.T. to D.D.A. in mammals: 





Re CH2- CCl; + Ro: CH: Cl, > Re: CH2: COOH 


(where R= p-CIC,H,-). Although resistant and susceptible houseflies absorb 
D.D.T. at about the same rate, the susceptible flies only metabolise D.D.T. 
slowly to unknown metabolites which apparently are not D.D.E. and 
D.D.A. Neither D.D.E. nor D.D.A. are toxic to flies, and Sternburg et al. 
(93) suggest that the resistant flies degrade D.D.T. to these metabolites 
before it reaches the site where it can exert its toxic action. The large milk- 
weed bug (Oncopeltus fasciatus), however, although susceptible to D.D.T. 
rapidly metabolises it to an unidentified metabolite which is neither D.D.E. 
nor D.D.A. [Ferguson & Kearns (90)]. The concept that D.D.T. is nontoxic 
to the resistant houseflies because they are able to metabolise it to the non- 
toxic D.D.E. and D.D.A. is supported by the observations of Perry & 
Hoskins (94). These workers showed that the resistant flies could be rendered 
markedly susceptible to D.D.T. if the latter were applied in acetone con- 
taining piperonyl cyclonene. This latter substance apparently prevents the 
enzymic conversion of D.D.T. to D.D.E. 

The mechanism of the dehalogenation of D.D.T. to D.D.A. in animals 
and insects is at present unknown but it is obviously enzymic (cf. 94). Some 
insight into the process, however, may be gleaned from the observations of 
Heppel & Porterfield (95) on the enzymic dehalogenation of certain halo- 
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genated methanes and ethanes. Rat liver extracts dehalogenate chlorobromo- 
methane, methylene dichloride and dibromide, chloroform, ethyl bromide 
and 1-chloro-2-bromoethane. The enzyme system involved has been par- 
tially purified and has an optimum pH of 7.1 to 7.4. The products of the 
dehalogenation of the methane derivatives are formaldehyde and halogen 
and hydrogen ions. Thus, for methylene dichloride the reaction would be: 


CH:Cl. + H:O — CH:0 + 2Cl- + 2H* 


GLUCURONIDE SYNTHESIS 


The conversion of organic compounds into conjugated glucuronic acids 
is such a frequent reaction in animals that at least a brief mention of recent 
work is necessary. Important steps have been made toward the elucidation 
of the mechanism of the synthesis of glucuronides in the body. Levvy and 
his co-workers (96, 97, 98) have shown that the important enzyme £- 
glucuronidase, the literature on which is now becoming very extensive, is not 
concerned with the synthesis of glucuronides. Storey (99) has studied glu- 
curonide synthesis in mouse tissues using 0-aminophenol as the glucuronido- 
genic substance and has confirmed the observation of Lipschitz & Bueding 
(100) that it takes place mainly in liver tissue and to a slight extent in kidney. 
Glucuronide synthesis in liver slices is strongly inhibited by glucuronate 
and by sulphate ions as well as by sodium azide and 2,4-dinitrophenol. In 
analogy with present views concerning the biosynthesis of glycosidic linkages, 
Storey suggests that glucuronides may be synthesised by the reaction of the 
aglycone with glucuronic acid-1-phosphate under the influence of a phos- 
phorylase. By this analogy it would be expected that glucuronate would 
inhibit glucuronide synthesis, because the synthesis of glycogen, for example, 
from glucose-1-phosphate and liver phosphorylase, is inhibited by glucose. 
Inhibition by azide and 2,4-dinitrophenol suggests that high-energy phos- 
phate bonds are required as a source of energy. The inhibition by sulphate 
ions is apparently due to competitive formation of the ethereal sulphate of 
the phenol. In this connection it would be interesting to know whether 
glucuronide formation is also inhibited by sulphate ions when the glucuroni- 
dogenic drug is not an ethereal sulphate former, e.g., borneol. 

Glucuronide synthesis in liver slices is markedly stimulated by bicar- 
bonate (99). Mosbach & King (101) have shown that when C'*-sodium bi- 
carbonate is injected into guinea pigs receiving borneol orally, 0.18 to 0.29 
per cent of the C" is found in the glucuronic acid of the bornylglucuronide 
excreted. Using C'-glucose in which all the carbon atoms were uniformly 
labelled, Mosbach & King have also shown 1.79 to 4.05 per cent of the C* 
appeared in the glucuronic acid of the bornylglucuronide excreted. The 
C™ was uniformly distributed amongst the six carbons of the glucuronic 
acid, thus indicating the direct conversion of the unbroken carbon chain of 
glucose to the glucuronic acid found in bornylglucuronide. The experiments 
of Mosbach & King seem to provide a partial answer to the much vexed 
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question of whether or not glucose is directly converted to glucuronic acid 
in vivo. 

During a study of the glucuronic acid conjugation and acetylation of 
p-aminobenzoic acid in the rabbit, Venkataraman, Venkataraman & Lewis 
(103) have made the interesting observation that the degree of acetylation 
of this acid is increased and its conjugation with glucuronic acid diminished 
by simultaneous administration of glycine or malic acid. This suggests a 
possible relation between glucuronic acid conjugation and acetylation. 
Smith & Williams (104), however, have shown that the glucuronic acid 
conjugation of p-acetamidobenzoic acid (pKa=5.2 X 107°) is much less than 
that of p-aminobenzoic acid (pKa = 1.2 X 10~°) and the observation of Venka- 
taraman et al. could be explained by the greater formation of the stronger 
p-acetamidobenzoic acid which is hardly conjugated with glucuronic acid at 
all. 
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BIOCHEMICAL GENETICS! 


By N. H. Horowitz AnD H. K. MITCHELL 


Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California 


The field under review is growing so rapidly that it is impossible to cover 
more than a sampling of recent papers in the allotted space. Important 
subjects such as the genetics and chemistry of viruses and certain topics in 
bacterial genetics have had to be omitted, while others have not received 
the treatment they deserve. Studies of a primarily biochemical nature in 
which mutants have been employed as tools have been reviewed, as is cus- 
tomary, although it is recognized that their genetic interest lies chiefly in 
their providing materials for the further study of gene action. 


CHEMISTRY OF THE NUCLEUS 


Two symposia on nucleic acids (1, 2) should be referred to for a wealth 
of details and discussion. Here an attempt will be made to summarize perti- 
nent data regarding the composition of cell nuclei and chromosomes. 

Following Crossman (3), who introduced the use of citric acid as a fixa- 
tive prior to isolation of cell nuclei, Mirsky & Ris (4), Vendrely & Vendrely 
(5), Boivin et al. (6), Heath (7), and others have investigated the composition 
of purified nuclei. Evidence that these preparations contain very little cyto- 
plasmic material appears to be unquestioned. On the other hand, the isola- 
tion of chromosomes from numerous tissues, as reported by Mirsky & Ris 
(8, 9), has been seriously questioned by Lamb (10). The latter author 
states that “the threads are not isolated chromosomes but are complex 
fragments of drawn-out nuclei.’”’ In any case, the composition of the isolated 
chromosomes of Mirsky & Ris appears at least qualitatively the same as 
that of whole nuclei and that of chromosomes investigated by other means 
of isolation. The molecular species agreed upon by various workers are 
desoxyribonucleoproteins, ribonucleic acid (RNA), and “residual protein.” 
According to Vendrely & Vendrely as well as Mirsky & Ris, desoxyribonucleic 
acid (DNA) is present in a constant quantity in the nuclei of different kinds 
of cells of the same species with the exception of sperm which contain half 
the quantity of DNA found in other tissues of the species. Since other 
nuclear components vary widely with types of cells within a species, these 
authors conclude that DNA is of primary significance in genic material. 
That the required specificity may, indeed, reside in nucleic acid molecules 
seems indicated from the work on transforming principles in bacteria. 

With regard to the “residual’’ protein of nuclei, Mirsky & Ris (9) report 
that it varies in quantity directly as the metabolic activity of the cell and 
as the proportion of cytoplasm to nucleus. This appears to give it a functional 


1 This review covers the period September, 1947 to September, 1950. 


465 





406 HOROWITZ AND MITCHELL 


relation to biochemical activities of the cytoplasm. It remains as a fiber 
after dissolving away the DNA and histone and, thus, may make up the 
thread of the chromosome fundamental to the linear order of genes. Amino 
acid composition of residual protein has been investigated by Blumel & 
Kirby (11), who report the presence of aspartic and glutamic acids, glycine, 
valine, alanine, leucine, and proline. Tryptophan would be destroyed by 
the hydrolysis conditions used, but other workers have reported its presence, 

Kaufmann et al. (12) and, more recently, Mazia (13) have reported some 
informative experiments on the action of highly purified enzymes on nuclear 
components. The former, using sectional material from lily and onion root 
tips as well as salivary gland chromosomes from Drosophila, combined 
enzymatic digestions with specific staining techniques to provide evidence 
that the chromosomes contain both DNA and RNA while the nucleolus 
and cytoplasm contains only RNA. Mazia (13), using somewhat similar 
techniques, has provided evidence that salivary chromosomes contain con- 
tinuous threads of both histonelike protein (carrying DNA) and an acidic 
residual protein. Digestion with pepsin, which attacks the residual protein 
but not histone, causes shrinkage of the chromosomes, an effect which is 
greater between the prominent nucleic acid bands than in the bands them- 
selves. Further experiments of Mazia have called attention to the fact that 
cathepsin and crude preparations of proteolytic enzymes hydrolyze thymus 
nucleohistone but do not attack salivary chromosomes. It is concluded that 
this lack of action is due to the physical state rather than the chemical 
composition of the chromosomes. Some interesting model systems are 
described. 

In view of the present trend toward considering DNA to carry genic 
specificities, the properties of these substances have become of particular 
interest. Butler et al. (14) have compared the effects of x-rays with those 
of sulfur and nitrogen mustards on the “structural viscosity” of highly 
polymerized thymus DNA. These treatments produced similar effects in 
reduction of viscosity at a slow rate of flow, but in addition, it was observed 
that decrease in viscosity continued apparently for many hours after cessa- 
tion of x-radiation. Such an effect is reminiscent of the ‘‘delayed’’ mutation 
in bacteria observed by Demerec & Latarjet (15). The experiments of Scholes 
et al. (16) on high dosage irradiations (x-rays) of DNA and RNA are of con- 
siderable interest in that they indicate the kinds of chemical changes that 
take place in the nucleic acids as a result of x-irradiation. It is reported 
that (a) glycosidic linkages are broken; (b) deamination of bases occurs; 
(c) heterocyclic rings are broken; and (d) ester linkages are broken, releasing 
primary and secondary phosphates. More recently, Rapport & Canzanelli 
(17) have investigated the effects of ultraviolet radiation on nucleic acids 
with a demonstration of almost complete loss of absorption spectra and, 
thus, a probable breakage of heterocyclic rings. Even though the dosages 
used in these experiments were high, a single change of any of the types 
mentioned may be sufficient to alter the specific structure and function of a 
macromolecule of nucleic acid. Thus, it seems probable that mutation can 
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be accounted for on the basis of one or more of a wide variety of chemical 
changes. 

Investigations by Ris & Mirsky (18) have produced convincing evidence 
that chromosomes of interphase nuclei have not lost their continuity but have 
become invisible by usual techniques of observation through an enormous 
swelling of the DNA component. Reversible swelling and condensation, 
resulting from treatments with sugar and salt solutions respectively, was 
demonstrated along with techniques for fixing in either state. It should be 
of great interest to determine whether or not this change in state is directly 
related to the gene functions of selfreproduction and control of metabolic 
processes. 

MUTAGENIC AGENTS 


Chemical mutagens.—The discovery by Auerbach & Robson that mustard 
gas induces mutations in Drosophila [discussed by Beadle (19)] has re- 
awakened interest in the search for chemical mutagens [reviewed by Auer- 
bach (20)]. It is hoped, through the study of such reagents, to arrive at 
deductions concerning the functional groups of genes and the chemical 
nature of the mutational process. A feature of recent work has been the 
large number of reports of mutagenic effects with chemicals, in contrast to 
the almost totally negative results of the preceding 25 years. This is due to 
the impetus given this field by the mustard gas discovery and to the use of 
improved methods for the detection of mutants. By determining mutations 
to drug or phage resistance in bacteria, for example, or back-mutations of 
biochemical mutants in Neurospora (21, 22), conditions can be arranged so 
that only mutants (or back-mutants) will grow on a plate. With the back- 
ground of unaffected cells thus eliminated, enormous numbers of cells can 
be readily tested and even weak mutagenic activities detected. A danger in 
such experiments is the possibility of confusing mutagenicity with selective 
action of the agent in favor of spontaneous mutants. This is especially true 
if growth is permitted to take place in the presence of the agent. A simplified 
method for applying the Luria-Delbriick fluctuation test (23) to such cases 
has been devised by Newcombe (24). 

Among compounds other than mustards recently reported to produce 
gene mutations are organic peroxides [Dickey et al. (25)], hydrogen peroxide 
and cyanide [Wagner et al. (26)], caffeine and theophylline [Fries & Kihl- 
man (27, 28, 29)], diazomethane [Jensen et al. (30)], and urethane [Vogt 
(31)]. In addition, the following substances have been found by cytological 
examination to cause chromosomal damage and may be regarded as poten- 
tial mutagens: di-epoxides [Loveless & Revell (32), Ross (33)], o-isopropyl- 
N-phenylcarbamate [Ennis (34)], hexachlorocyclohexane [Kostov (35)], and 
acriflavine [Bauch (36)]. Acriflavine, desoxycholate, and pyronin increase 
the frequency of phage-resistant variants in nongrowing suspensions of 
Escherichia coli, probably as a result of mutagenic action [Witkin (37)]. 

The demonstration of a mutagenic effect does not necessarily imply a 
direct reaction of the agent with the gene. It is probable that in many cases 
the effect is mediated by substances produced in the cytoplasm. It has been 











468 HOROWITZ AND MITCHELL 


proposed that free radicals play an essential part in the mutagenic effects 
of peroxides (25), diazomethane (30), and other agents. Cyanide may act 
by poisoning catalase, thus allowing peroxides to accumulate in the cell 
(26). Indirect action is highly probable in the case of formaldehyde which 
was first shown by Rapoport (38) to induce mutations when fed to Dro- 
sophila. The effect has been confirmed by several investigators who find that 
formaldehyde is active when mixed with the food [Kaplan (39), Auerbach 
(40)], but not when applied as a vapor (40) or in a vaginal douche [Hersko- 
witz (41)]. It is inferred that the actual mutagen is produced by a reaction 
of formaldehyde with a constituent of the food (40). 

The mutagenic status of the carcinogenic hydrocarbons is not clear. 
Demerec (42) finds that 1,2,5,6-dibenzanthracene, applied in an aerosol, 
induces sex-linked lethals and chromosomal aberrations in Drosophila. 
This is in contrast to earlier results of Auerbach (43), who observed no in- 
crease in frequency of sex-linked lethals following the injection of 1,2,5,6- 
dibenzanthracene, 9,10-dimethyl-1,2-benzanthracene, or methylcholanthrene 
into Drosophila. Methylcholanthrene has given negative or doubtful results 
in the hands of all investigators except Strong (44), who reports mutations 
in mice following subcutaneous injection of this carcinogen. Negative results 
were obtained by Bhattacharya (45) in feeding-experiments with Drosophila, 
and by Latarjet (46) in EZ. coli, while a doubtful effect was found by Tatum 
et al. (47) in Neurospora. One can draw the conclusion that there is no 
parallelism between carcinogenic activity and mutagenicity, as these are 
ordinarily determined. However, this does not necessarily disprove the 
mutational theory of the origin of cancer [for discussion see (20)]. 

The activity of the mustards is generally believed to be based on their 
ability to alkylate the functional groups of biological substances. Since the 
mustards typically contain two reactive side-chains, there is a possibility of 
forming cross-linkages between cellular constituents. This mechanism has 
been emphasized by Goldacre et al. (48) and by Loveless & Revell (32), 
based on their studies of a series of aromatic nitrogen mustards [Bird (49)] 
and di-epoxides. The latter are esterifying agents used industrially to bring 
about cross-linking between the carboxyl groups of wool fibers. They are 
reported to show the same cytological effects as the nitrogen mustards, 
producing breaks in or near heterochromatic regions in Vicia faba chromo- 
somes (32, 33). It is suggested that mustards and di-epoxides act by forming 
cross-links between adjacent chromatid fibers.? Ross (33) states that organic 
peroxides also induce breaks in heterochromatic regions, and he presents a 
theory of the action of mustards, peroxides, and di-epoxides. 

The genetic and cytological effects of the assimilation of P® by various 
organisms have been investigated by Giles and co-workers (50, 51), Arnason 
et al. (52, 53), and Bateman & Sinclair (54). The effects are, in the main, 
indistinguishable from those of x-rays. Giles & Bolomey (50), who also 

2 Recent experiments by Stevens & Milroie (229), Auerbach & Moser (230), and 
Jensen et al. (231), however, show that two reactive groupings are not necessary for 
the mutagenic action of mustards. 
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included C". in their study, correctly emphasize the implications of these 
results for radioactive tracer studies on haploid microorganisms. 

Radiation effects——It is becoming increasingly clear that the genetic 
effects of high-energy radiation are, to an important extent, the secondary 
results of a radiochemical reaction in the medium or in the cellular fluids. 
Several lines of evidence implicate peroxide formation in the process. 

Stein & Weiss (55, 56) present evidence for the idea that the primary 
net effect of ionizing radiations in aqueous systems is the production of 
hydrogen and hydroxyl radicals. De-aerated aqueous suspensions of benzene 
were found to contain measurable quantities of phenol and diphenyl follow- 
ing x-irradiation. Similarly treated solutions of benzoic acid and of amino 
acids yielded salicylic acid and products of oxidative deamination and 
decarboxylation, respectively. The authors state that similar products are 
formed when the mentioned substances react with chemically produced 
hydroxyl radicals. 

Thoday & Read (57, 58), using Vicia faba root-tips, have found that 
ionizing radiations are less effective in producing chromosomal damage 
and growth inhibition when the irradiation is carried out anaerobically 
than when oxygen is present. This observation has been confirmed and ex- 
tended by Giles & Riley (59, 60) on the chromosomes of Tradescantia micro- 
spores. These authors find as much as a fivefold increase in the frequency of 
chromosomal aberrations in material exposed to x-rays under oxygen as 
compared to material treated under nitrogen. They further show that the 
effect of oxygen is not on the recovery process. This makes it appear prob- 
able that the presence of oxygen increases the rate of chromosome break- 
age. The oxygen effect has been obtained in Drosophila by Baker & Sgourakis 
(61), who determined the rate of production of sex-linked lethals. A given 
dose of x-rays was approximately twice as effective when the flies were 
exposed in oxygen as in nitrogen. The oxygen effect is possibly related to 
the radiochemical production of hydrogen peroxide, since the latter is also 
a function of the oxygen tension (60, 62). 

Along similar lines, Barrén and collaborators (63, 64) find that sulfhyd- 
ryl enzymes are reversibly inactivated by x-rays when the dosage is kept 
below 5,000 r units. Reactivation is accomplished by the addition of gluta- 
thione. Nonsulfhydryl enzymes are considerably more resistant to irradi- 
ation. Simple thiols are also oxidized (65), some protection being afforded 
when catalase is present or, alternatively, when oxygen is absent. The results 
are interpreted on the basis of Weiss’ theory of free radical formation 
mentioned above. 

Allsopp & Catcheside (66) point out that the radiochemical theory of 
chromosome breakage is not inconsistent with target theory calculations 
unless it can be shown that radicals produced more than a few millimicrons 
from the target can cause the observed biological effects. At the present 
time the target theory provides the best quantitative account of the phe- 
nomena. 

The production of mutagenic substances, probably peroxides, by ultra- 
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violet irradiation of broth has been investigated in a series of papers by 
Stone, Wyss, Haas & Clark (67 to 72). A large increase in the number of 
drug-resistant mutants was obtained by growing Staphylococcus aureus in 
previously irradiated media. That such media exert an inductive, and not 
merely a selective, action has been demonstrated (69). Wagner et al. (26) 
have found that biochemical mutations in Neurospora are also induced by 
treated broth. The mutagenic principle is fairly stable under ordinary con- 
ditions (72), but is destroyed by catalase (70). Treatment of broth with 
hydrogen peroxide also renders it mutagenic, but hydrogen peroxide by 
itself is not mutagenic for S. aureus (70), although it exhibits some activity 
in Neurospora (25, 26). It was suggested (70) that hydrogen peroxide 
formed during irradiation reacts with constituents of the medium to pro- 
duce organic peroxides which are responsible for the genetic effects. This 
inference has been strengthened by subsequent experiments of Dickey et al. 
(25) who showed that organic peroxides are potent mutagens in Neurospora. 
It should be noted that the described effect has been observed only with 
wave lengths in the 2000 A region or below (72), although it is well estab- 
lished that a peak of mutagenic activity occurs in the 2600 A region when 
cells are irradiated directly. The latter is presumably due to absorption 
by nucleic acids. 

Experiments on the photoreactivation of ultraviolet inactivated bac- 
teria by Novick & Szilard (73) show that the effect of photoreactivation is 
to lower the effective ultraviolet dose by a constant dose-independent factor. 
Less extensive experiments indicate that the same rule holds in the case of 
ultraviolet induced mutations to phage resistance. The results can be for- 
mally interpreted on the assumption that a toxic substance is produced, a 
certain fraction of which is photosensitive. 

Transforming principles—Hotchkiss (74) has investigated the rate of 
liberation of amino acids from purified pneumococcus transforming principle, 
and he concludes that these originate entirely, or nearly so, from the de- 
composition of adenine. The protein content of the transforming principle 
can be, at most, 0.2 per cent and is probably less. Hotchkiss also shows that 
the transforming principle does not analyze as a classical polytetranucleotide. 

Taylor (75) presents evidence that Type III pneumococci produce two 
transforming principles, one transforming rough into smooth pneumococci, 
the other transforming an extremely rough mutant into rough. The latter 
principle is also found in rough pneumococci. Taylor has also analyzed two 
mutants of Type III which differ morphologically from one another and 
from the normal and which appear to synthesize less of the type-specific 
polysaccharide than the normal. The transforming agents of these variants 
are also altered, transforming rough into the corresponding variants of 
Type III. Of particular interest is the observation that, acting together, the 
two mutant principles can transform rough into normal Type III. It is 
not stated whether the transforming principle of the smooth bacteria so 
produced is a mixture of the mutant principles or a reconstituted normal 
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agent. Assuming the latter to be the case leads to the possibility of intra- 
molecular recombination between desoxyribonucleic acid molecules, per- 
haps similar to crossing-over within chromosomes. 


GENETICS AND BIOSYNTHESIS 


Since this subject was discussed by Beadle (19), numerous reviews have 
appeared elsewhere (76 to 83). 

Some special techniques—Numerous investigators have published im- 
proved methods for production and handling of biochemical mutants of 
various organisms. For Neurospora, Lein et al. (84) described a method for 
visual selection of mutants after germination of ascospores, while Tatum 
et al. (85) utilized direct plating techniques using sorbose and other sub- 
stances in the culture medium to produce colonial growth. Both methods 
reduce the labor involved in mutant isolations at least tenfold. Fries (86) 
developed an efficient procedure for isolation of mutants of Ophiostoma 
based on the observation that mutants with two nutritional requirements 
tend to live longer under starvation conditions than certain single mutants. 
A similar technique was applied successfully to Aspergillus by Pontecorvo 
(87), while the same principles would seem to apply to the observation on 
Achromobacter made by Miller et al. (88). Davis (89, 90, 91) and Lederberg & 
Zinder (92) utilized differential sterilization by penicillin for increasing the 
efficiency of isolation of mutants of E. coli. In this case, it was found that 
growing cells are killed preferentially by penicillin, permitting a very effi- 
cient selection of nongrowing mutants. Plough et al. (93) have applied the 
method successfully to Salmonella. A photographic method for locating 
mutants by the plating and layering method has been described by Meyers- 
burg et al. (94). Auxanographic techniques have been applied extensively for 
identifications of nutritional requirements of mutants of Aspergillus by 
Pontecorvo (95) and Ustilago by Perkins (96), while Davis (91) has utilized 
the same principle for demonstrating the accumulation of biochemical 
intermediates by E. coli mutants. 

Aliphatic amino acids——Lewis (97) describes a group of Neurospora 
mutants that require any one of the following acids for growth: glutamic, 
aspartic, succinic, fumaric, malic, a-ketoglutaric, acetic. Lewis suggests an 
interpretation based on the assumption of a modified citric acid cycle in 
Neurospora, but it is also necessary to assume that the cycle can be blocked 
at at least one point without producing a lethal effect. Investigations of 
Fincham (98) on Neurospora mutants that require any one of 13 different 
amino acids (of which glutamate, aspartate, alanine, and ornithine are the 
most active) indicate that these mutants are deficient in the ability to 
aminate keto acids. The results also suggest that an extensive series of trans- 
amination reactions occurs in Neurospora. Adelberg, Bonner & Tatum (99) 
and Adelberg (100) have provided evidence that a,8-dihydroxy-8-methyl- 
valeric acid is a metabolic precursor of isoleucine in Neurospora and E. coli. 
The substance is accumulated by certain mutants of both organisms. A 
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scheme relating isoleucine and threonine biosyntheses has been proposed 
(100) based on studies of the mutants and on demonstration of the incorpo- 
ration of C-labeled acetate into isoleucine (101). The evidence is consistent 
with the postulate that acetate adds by the methylene carbon atom to 
a-hydroxy-8-ketobutyric acid followed by reduction to give the dihydroxy 
acid that was isolated. The entire system is evidently related through homo- 
serine and threonine to the biosynthesis of the S-amino acids as demonstrated 
by Teas et al. (102) and Horowitz (103) for Neurospora and by Teas (104) for 
Bacillus subtilis. Here, homoserine was shown to be a precursor of both 
threonine and cystathionine, the latter giving rise eventually to methionine. 

Aromatic amino acids.—Considerable progress has been reported in the 
past two years on the biosynthesis and interrelations of the aromatic amino 
acids and the vitamins nicotinic acid and p-aminobenzoic acid (PAB). 
Mutants of Neurospora, Aspergillus, Drosophila, and bacteria have been 
used for the most part. Figure 1 summarizes the present status of the problem 
although there is some disagreement among various workers as to the details. 


Tyrosine Phenylalanine Acetyl kynurenine 
oon y acid 
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Insect eye pigment 
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sates ~=s> $-Hydroxyanthranilic 
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Quinolinic acid 
p-Aminobenzoic acid Nicotinic acid 


Fic. 1. Interrelations of aromatic amino acids, based on studies of several species. 
{Recent evidence provided by Knox & Mehler (232) and by Amano and co-workers 
(233) indicates that o-N-formylkynurenine is an intermediate in this series between 
tryptophan and kynurenine.] 


A common origin for the aromatic substances shown is indicated in 
investigations on mutants of E. coli [Davis (91)] and Neurospora [Gordon 
et al. (105), Tatum (76) and personal communication (238)]. The positions of 
shikimic and quinic acids are not clear, however, since they are not inter- 
changeable for all of the mutants. The evidence for a cycle in the metabolism 
of tryptophan, presented by Haskins & Mitchell (106), has been questioned 
by Bonner & Partridge (107) on the basis of experiments in which N™-labeled 
indole gave rise to N®-labeled quinolinic acid and ‘‘no appreciable” labeled 
anthranilic acid. Since the mutant used is known to accumulate considerable 
quantities of anthranilic acid [Tatum et al. (108)] which would dilute any 
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isotopic anthranilic acid formed, the criticism is not convincing. The possible 
relation of the cycle to the accumulation of polyphosphate by one of the 
Neurospora mutants (109) is worth noting. 

The following intermediates shown in Figure 1 have been identified and 
isolated from various mutants: anthranilic acid (108), acetylkynurenine 
[Yanofsky & Bonner (110)], kynurenic acid [Haskins (234)], 3-hydroxy- 
anthranilic acid [Mitchell & Nyc (111, 112), Bonner (113)], and quinolinic 
acid [Bonner & Yanofsky (114), Henderson (115)]. In addition, the isolation 
of 3-hydroxykynurenine from Calliphora larvae has been achieved by Bute- 
nandt et al. (116). Its biological activity in Neurospora, postulated earlier 
(111), was confirmed (106). More recently, Hirata et al. have reported the iso- 
lation of this substance from silkworms (117). 

In view of the low activity of quinolinic acid, it is not certain whether 
the substance is an intermediate or a by-product. Bonner & Partridge (107) 
and Leifer et al. (118) show that the nitrogen atoms of indole and anthranilic 
acid are carried through, at least in part, to quinolinic acid and nicotinic 
acid in Neurospora. Nyc et al. (119) show that the carboxyl carbon of anthra- 
nilic acid is not incorporated into tryptophan and nicotinic acid in Neuro- 
spora but is lost as carbon dioxide. This is in line with the observation of Fries 
(120) that a mutant of Lentinus uses aniline in place of anthranilic acid. 
The demonstration by Heidelberger (121) that the ring carbon of tryptophan 
appears as the carboxyl of nicotinic acid in the rat, together with other evi- 
dence, indicates a reaction series in the rat similar to that of Neurospora, 
where genetic control can be easily demonstrated. 

Pontecorvo (122) has described a mutant of Aspergillus that utilizes 
anthranilic acid, 3-hydroxyanthranilic acid, or nicotinic acid, but not 
indole, tryptophan, or kynurenine. An alternative metabolic path in this 
organism is indicated. 

In Drosophila, it is now known that 3-hydroxykynurenine is the cnt 
substance (116). Previous studies had shown kynurenine to be the vt 
substance. Green (123) disputes the conclusion of Caspari (124) that verm- 
ilion mutants contain protein with an abnormal tryptophan content. 
Green finds accumulation of nonprotein tryptophan in the mutants, but no 
difference between mutants and wild type with respect to protein tryptophan. 

Basic amino acids——Pontecorvo (125) has reported on a mutant of 
Aspergillus that will utilize proline, ornithine, or arginine, but not citrulline. 
On the other hand, in accord with earlier findings in Neurospora (126), 
Volcani & Snell (127) found citrulline to be an intermediate in arginine 
biosynthesis in lactobacilli. The series of reactions may simply be different 
in the organism used, but also, there is a possibility that citrulline may 
not be an intermediate itself but may exist in equilibrium with an interme- 
diate in the organisms that are able to use it. Fincham (98) has reported that 
a-amino-§-hydroxyvaleric acid acts as a common precursor of ornithine and 
proline in Neurospora. A complex interrelation was observed in Neurospora 
between arginine, lysine, and pyrimidine utilization (128). 

Following the discovery by Borsook e¢ al. (129) that liver slices convert 
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lysine to aminoadipic acid, Mitchell & Houlahan (130) reported that the 
latter substance acts as a precursor to lysine for Neurospora. Subsequently, 
Good et al. (131) provided evidence that a-amino-e-hydroxycaproic acid can 
act as an intermediate between aminoadipic acid and lysine. Several other 
steps are indicated by the number of genetic types of lysine-requiring 
mutants. a-Keto acids corresponding to a@-aminoadipic acid, a-amino-e- 
hydroxycaproic acid, and lysine do not support growth of any of the mutants 
under cultural conditions utilized. However, Bergstrém & Rottenberg (132) 
reported that a mutant of Ophiostoma would utilize lysine, a-aminoadipic 
acid, or a-ketoadipic acid. 

Some Neurospora mutants requiring histidine (84) are inhibited by cer- 
tain amino acid mixtures (a basic amino acid plus any of several other 
amino acids), and although they occur at a fairly high frequency, they were 
not found until selection was made using histidine alone as a growth supple- 
ment [Mitchell & Mitchell (235)]. 

Vitamins—Among the B vitamins other than those already mentioned, 
Wagner & Guirard (133) and Wagner (134) have reported in vitro synthesis 
of pantothenic acid from B-alanine and pantoyl-lactone by preparation 
from wild type Neurospora. Strehler (135) investigated an interesting case 
of a Neurospora mutant requiring methionine or PAB. Aniline, m- or p- 
toluidine and p-nitrobenzamide will also support growth while homocysteine 
will not. It was assumed that the mutation in the strain limits PAB synthesis 
with a resulting loss in ability to methylate homocysteine. An apparently 
related case has been described by Davis & Mingioli (136) in which a mutant 
of E. coli was found to utilize vitamin B,2. or methionine, but not thymidine. 
The mutant has been used for bioassay of vitamin By. 

Nucleic acids —Although many mutants of various organisms having 
requirements for purines, pyrimidines, or the corresponding nucleosides 
have been reported, these mutants have produced relatively little new infor- 
mation on the mechanism of biosynthesis. Mitchell et al. (137) reported 
accumulation of large quantities of orotic acid by a Neurospora mutant. 
Although this finding is consistent with the earlier evidence indicating that 
the carbon chain of uridine arises from oxaloacetic acid, orotic acid is 
considered to be a by-product rather than an intermediate. Guthrie (138) 
has shown that a purine-requiring mutant of E. coli will utilize adenine, 
guanine, xanthine, or hypoxanthine. RNA, DNA, uric acid, histidine, and 4- 
aminoimidazole-5-carboxamide were not utilized. The last substance is 
known to be produced by E. coli (139, 140), and the postulate of its being a 
purine precursor has received confirmation by the finding of Fries (141) 
that certain purine mutants of Ophiostoma can utilize it for growth. Although 
4-aminoimidazole-5-carboxamide is quite evidently chemically related to 
substances giving rise to the purple pigment in adenineless mutants of 
Neurospora (142), its growth-supporting capacity for Neurospora mutants 
is questionable because of rapid decomposition in the medium. In this con- 
nection, Mitchell & Mitchell (143) have presented evidence that the purple 
adenine mutant of Neurospora is sufficiently inhibited by its own products 
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to provide a basis for selection of double adenine mutants in which the 
new spontaneous mutations prevent pigment formation and also accumula- 
tion of the inhibitory products. Fries (144) has demonstrated that guanine 
mutants of Ophiostoma are inhibited by adenine or hypoxanthine, and 
thus, selection for such mutants must be carried out on a medium containing 
an excess of guanine over the other purines. Loring & Fairley (145) provide 
evidence that a Neurospora mutant will use guanine in the presence of ade- 
nine, and thus, adenine is probably a precursor of guanine in this organism. 

In connection with the above discussion of inheritance of biochemical 
capacities with respect to complex nitrogenous compounds, two papers on 
mutants concerned with nitrate reduction and nitrogen fixation have 
appeared recently (146, 147). In the former case, de la Haba suggests that 
reduction from nitrate occurs after formation of a linkage to carbon, but 
conclusive evidence is lacking. 

Fatty acids —Lein & Lein (148, 149) investigated two types of Neurospora 
mutants that require fatty acids. One type uses acetate and a considerable 
list of other saturated fatty acids, excepting palmitic and stearic acids, 
while the other type uses only oleic, linoleic, and linolenic acids. Independent 
pathways of synthesis of saturated and unsaturated fatty acid may be 
inferred. An acetate-requiring mutant of Azotobacter has been described 
(150). 

Pigments.—Investigations of Kohler e¢ al. (151), Zechmeister & Went 
(152), and Lincoln & Porter (153) have contributed considerably toward an 
understanding of inheritance of carotenoid pigments in tomatoes. It is appar- 
ent that genes R and T influence the conversion of phytofluene and other 
colorless polyenes to various isomers of lycopene, and in conjunction with 
gene B, to B-carotene. Zechmeister & Went postulated that genes R and T 
are representative of two fundamentally different types of gene functions, 
one, in essence, regulating the formation of lycopene or an immediate pre- 
cursor and the other determining isomeric structure. Haxo (154) and Haxo & 
Zechmeister (155) have reported on the existence of at least eight carotenoid 
pigments in Neurospora. Lycopene and 8-carotene are included, but investi- 
gations of albino and partial albino mutants in this organism have not been 
reported. 

Granick (156) has summarized some recent findings on chlorophyll bio- 
synthesis obtained from investigations of x-ray induced mutants of Chlorella 
vulgaris. The following sequence of reactions was suggested: glycine plus 
acetate—protoporphyrin—magnesium protoporphyrin—magnesium vinyl- 
protoporphyrin—magnesium vinylpheoporphyrin phytyl ester—chlorophyll 
a. A number of other steps with many other intermediates is to be expected. 
A possible similarity in the origin of iron prophyrins is pointed out. 

A number of papers have appeared concerr‘ng complexities in the genetics 
and biosynthesis of melanin formation. Lerner & Fitzpatrick (157) sum- 
marized the field in a review on melanin formation in mammals. Wright & 
Braddock (158) and Wright (159) described useful analytical techniques 
and their applications to guinea pigs. The melanins are divided into eumela- 
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nins (dark) and phaeomelanins (orange-yellow). The first type is further 
divided into sepia and brown, and each of these into two subgroups, while 
the phaeomelanins are divided into three principle sub-groups. Color inten- 
sity in each of these subgroups is modified by the C series of alleles as well 
as by other less well-known modifiers. Russell & Russell (160) have corre- 
lated tyrosinase activity with genetic constitution and coat color in the 
mouse. Markert (161) has described a great variance in pigmentation cor- 
related with tyrosinase activity among mutants of the fungus Glomerella. 
Russell (162, 163) has reported on some interesting histological aspects of 
the melanin problem in the mouse. Size, nature, clumping, and degree of 
pigmentation are considered highly significant in phenotypic expressions. 
These experiments provide a more precise background for investigations of 
the complex and still obscure chemical differences in the melanins. 

In another complex pigmentation problem, that of the plant anthocyanins 
and related substances, important contributions of Laughnan (164, 165) 
have indicated that the biochemical relations and interconversions of these 
substances are more obscure than indicated by some previous workers. 

Miscellaneous phenomena.—The phenomenon of drug resistance and 
drug dependence has become commonplace among mutants of microorgan- 
isms. Demerec (166), Emerson (167), Fredericq (168), Newcombe & Hawirko 
(169), Clapper & Heatherman (170), and Foley & Schwachman (171) have 
described many cases. Similar principles are apparently involved in the 
heritable resistance of house flies to benzene hexachloride (172) and 1,1,1- 
trichloro-2,2-bis(p-chlorophenyl)-ethane (DDT) (173). These problems are 
clearly of great medical and economic importance as well as genetic signifi- 
cance. 

Heritable differences in vitamin requirements of mice have been reported 
by Elson (174) and Koller (175). These findings partly support the conclu- 
sions of Williams et al. (176) concerning the genetic basis for the etiology of 
alcoholism and its relation to vitamin requirements. 

Genes and gene products——The apparent one-to-one correlation between 
mutation of single genes and the loss in competence to carry out specific 
chemical reactions in Neurospora [see Beadle (177)] has received attention 
in recent reviews [Horowitz (79), Mitchell (80)]. The genes and the processes 
by which genes exert their control of metabolism still lack definition in 
biochemical terms, but it remains a reasonable hypothesis that these proc- 
esses result in the production of macromolecules having specific functions as 
catalytic or structural substances. Recent experimental work with Neuro- 
spora suggests that even if a particular enzyme is a primary gene product, 
many biochemical reactions besides that catalyzed by the enzyme may be 
affected secondarily as a result of mutation of the single gene that gives rise 
to the enzyme. Indeed, the primary effect of such a mutation may not be the 
one observed by the use of limited biological or chemical criteria. 

Wagner & Guirard (133) and Wagner (134) have described experiments 
correlating a gene-enzyme-chemical reaction in Neurospora. It was found 
that intact nongrowing mycelial pads of wild type are capable of synthe- 
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sizing pantothenic acid from f-alanine and pantoyl-lactone, while synthesis 
was not observed using pads from a pantothenic acid-requiring mutant that 
will not utilize a mixture of the two fragments for growth. It was subse- 
quently shown that acetone-dried, well-washed residues from both mutant 
and wild type strains were capable of promoting pantothenic acid synthesis. 
Such preparations from x-ray and ultraviolet induced mutants, in which 
the same locus is apparently involved, showed different temperature coeffi- 
cients of enzymatic activity than did wild type preparations. However, there 
has been no other demonstration of specific chemical or physical differences 
in the enzymes involved. Another investigation with Neurospora concerns a 
mutant that requires tryptophan but will not utilize indole plus serine (178). 
Although wild type and other mutants contain an enzyme for coupling these 
two substances, experiments failed to detect such a catalyst in cell free 
preparations from the mutant. The report by Gordon & Mitchell (179) that 
this mutant contains an altered enzyme which is subject to inhibitions by 
normal cell constituents has not been confirmed in a reinvestigation of the 
problem [Mitchell & Gordon (236)]. No enzyme activity was demonstrable 
in preparations from the mutant using analytical methods that will detect 
0.2 per cent of the activity obtained from wild type and other mutants of 
Neurospora. 

The complexities of inheritance of mammalian coat colors has already 
been mentioned in another connection. In a similar vein, Markert (161) 
has shown that in the fungus Glomerella, at least six different genes markedly 
influenced pigmentation and the amount of tyrosinase actually found in 
crude, cell-free enzyme preparations from the mold. It seems unlikely that all 
of the mutations involve a change of a gene directly responsible for tyrosi- 
nase specificity. Similarly, secondary effects may account for a considerable 
part of the antigenic differences found by Fox (180) in immunological work 
with wild type and two mutant types of Drosophila. In other work with 
Drosophila, Villee (181) has correlated respiratory quotients of particular 
imaginal discs with the phenotypic expression of the vestigial gene. It 
would seem that the primary effect of the mutation may or may not concern 
respiration directly. The same can be said of the results of the investigations 
of duBuy et al. (182) on the mitochondria of normal and mutant strains 
of Nicotiana and Lonicera. 

Bender et al. (183) have found that Neurospora produces a soluble L- 
amino acid oxidase when grown in low-biotin media. The existence of strain 
differences in the expression of the phenomenon are reported. Considerable 
effort has been directed toward problems of inheritance of the potentiality 
for adaptive enzyme production. Klein & Doudoroff (184) reported an inter- 
esting case in which mutation in Pseudomonas apparently resulted in the 
gain of capacity to produce hexokinase adaptively. The relation of adapta- 
tion to genes has been discussed extensively by Monod (185, 186). He has 
concluded that a substrate initiating adaptation acts upon a gene product 
and not directly upon a gene. The experimental evidence was derived from 
investigations of E. coli strains adaptive and nonadaptive with respect to 
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lactase and amylomaltase. Lederberg (187) has shown evidence for participa- 
tion of seven independent genes in influencing the capacity of this organism 
to produce lactase, while Bonner (82) reports that two and possibly three 
different gene mutations will prevent adaptation to lactose utilization and 
lactase formation in Neurospora. Lindegren & Lindegren (188) have de- 
scribed somewhat similar cases in yeast involving adaptive fermentations 
of several different sugars. A multiplicity of genes controlling competence 
for adaptation is indicated. 

The most outstanding analysis of differences existing between two sub- 
stances that are possibly primary products of gene action has been described 
by Pauling et.al. (189) and Wells & Itano (190). It has been demonstrated 
that carbonmonoxyhemoglobin from sickle cell anemia erythrocytes differs 
in electrophoretic mobility from normal carbonmonoxyhemoglobin, while 
both types are found, in somewhat variable proportions, in sicklemia. Recent 
work of Neel (191) on the inheritance of the sickling character is in accord 
with the assumption that the gene responsible is in the homozygous condi- 
tion in individuals with sickle cell anemia and in the heterozygous condition 
in sicklemia. In a further analysis of the carbonmonoxyhemoglobins (189), 
evidence was presented to show that the differences lie in the globins or in 
the porphyrin globin combinations. A consideration of isoelectric points 
indicates an excess of two to four positive charges per molecule in sickle 
cell anemia hemoglobin as compared to normal hemoglobin. 


Non-MENDELIAN INHERITANCE 


The period under review has brought forth much new work on traits 
showing non-Mendelian inheritance. The chief question is whether non- 
Mendelian inheritance necessarily implies the existence of gene-like particles 
in the cytoplasm (plasmagenes). This problem is of fundamental importance 
for biology, and its solution will mark a great advance. 

The gene theory, now 35 vears old, has made possible the greatest unifi- 
cation of the biological sciences yet attained, bringing together the diverse 
phenomena of heredity, evolution, and biochemistry into a consistent and 
satisfying general account. Despite its wide sweep, the gene theory is silent 
concerning the mechanism of embryonic development, characterized by the 
orderly differentiation of genetically identical cells. Some biologists have 
therefore suspected that the cytoplasm, as well as the nucleus, may contain 
genetic particles, a suspicion which has received sporadic support as, from 
time to time, new instances of non-Mendelian inheritance have been dis- 
covered. The chloroplastids, for example, are normal cytoplasmic constitu- 
ents which are generally believed to be endowed with the gene-like properties 
of self-duplication and mutability [Rhoades (192, 193)]. On the other hand, 
the ‘‘killer’” character in Paramecium and the carbon dioxide-sensitivity 
symptom in Drosophila also involve self-multiplying, mutable (194, 195) 
cytoplasmic factors, but being neither essential nor even usual cellular 
constituents, these factors cannot be distinguished from parasitic infections. 
It would seem that plasmagenes can explain how cells remain different, 
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but not how they become different. To account for the latter, it is necessary 
to go back to the localization of materials in the egg. Given such a predisposi- 
tion, which has been repeatedly demonstrated by embryologists, it is possible 
that development may eventually be accounted for without the assumption 
of plasmagenes. Delbriick (196) has pointed out some of the possibilities for 
differentiation of steady state systems under the influence of transitory 
fluctuations in the rate of supply one of of the components. The stability of 
Delbriick’s model depends not on self-duplicating materials, but on relational 
aspects within the system. 

In view of the current involvement of genetics in politics, it is worth 
noting that the plasmagene idea is not to be construed as an attack on Men- 
delian genetics. Sonneborn (197), a leading proponent of the plasmagene, 
has taken pains to make this clear. 

Paramecium.—A detailed description of kappa, the cytoplasmic determi- 
nant of the ‘‘killer’’ trait in Paramecium aurelia is now available. Preer (198) 
has shown that it is a microscopically visible body, probably containing 
DNA and stained by the Feulgen and Giemsa stains. The stained particles 
are 0.2 to 0.8 win diameter, placing kappa in the size range of the rickettsiae. 
Strong killers contain 400 to 1,300 kappa particles per cell, whereas sensitive 
animals contain few or none. Under equilibrium conditions, the multiplica- 
tion rate of kappa equals that of its host, but it may be made greater or 
less than this by changing conditions (199). Kappa is mutable [Dippell 
(194)]. It can be eliminated from killers by chloramphenicol [Brown (200)]. 

“Killer” lines of Paramecium secrete a substance (paramecin) into the 
medium which kills sensitive paramecia. Austin (201) presents evidence that 
a single particle of paramecin is sufficient to kill a sensitive animal. Van 
Wagtendonk (202) has continued his investigation of the chemistry of para- 
mecin with a report on the inactivation of the substance by enzymes. In- 
creases over the spontaneous inactivation rate were obtained by incubating 
crude paramecin preparations with pepsin, chymotrypsin, and desoxyribo- 
nuclease. Van Wagtendonk tentatively suggests that paramecin is a desoxy- 
ribonucleoprotein. The author’s data show an apparent stabilizing effect of 
cysteine on paramecin, suggesting that a reducing group may be necessary 
for activity. 

A new example of cytoplasmic inheritance in P. aurelia variety 4 has 
been found by Sonneborn (203 to 206). When cultured under standard con- 
ditions, a given line of stocks 29 or 51 can be characterized as belonging to 
one of nine serological types. Dilute antisera against a line immobilize 
animals belonging to the homologous serotype. Exposure to immobilizing 
antiserum or to changes in temperature or food supply induces transforma- 
tion into other serotypes which are again stable when returned to standard 
conditions. Directed transformations can be accomplished by adjustment of 
transforming conditions. Since individuals of a given stock are genetically 
identical, it is thus possible to have diversity of serotypes with uniformity of 
genes. In crosses between individuals of the same stock, the inheritance of 
the serotype follows the cytoplasm. That the genes are the ultimate de- 
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terminants of the antigenic potentialities, however, is shown by crosses 
between stocks. From these, it appears that the genes determine (a) the 
specificity of the antigens and (6) the nature of the response to a given trans- 
forming stimulus. These results are in line with established genetic and de- 
velopmental principles in other organisms. The point of special interest is 
that the Paramecium material, in which somatic and gametic functions are 
combined in the same cell, offers an opportunity for the analysis of the 
mechanisms underlying the persistence of induced changes and may thus 
throw light on the major problems of development. 

Yeast.—As the result of a careful study of the genetics of maltose and 
galactose fermentations in yeast, Winge & Roberts (207) have concluded 
that these characters are inherited in a normal Mendelian fashion. They in- 
dicate that the non-Mendelian segregations reported earlier by Lindegren 
(208) and Spiegelman et al. (209) resulted from misclassification of certain 
types as genetic nonfermenters, when actually they were fermenters with 
relatively long adaptation times. An additional explanation of apparent 
non-Mendelian results in yeast has been advanced in a recent note by the 
same authors (210). They find that extra divisions occur in some asci, and 
they point out that random degeneration of spores in such asci would lead 
to erroneous conclusions in genetic analyses. Mundkur & Lindegren (211, 
212, 213) take issue with Winge & Roberts on the above points, stating 
that long-term adaptation in fact results from mutation and selection and 
that the inheritance of fermentation and vitamin-synthesizing abilities is 
often non-Mendelian in some yeast strains. Pomper & Burkholder (214), on 
the other hand, find no evidence for non- Mendelian inheritance in a number 
of biochemical mutants of yeast. In view of the unpredictable nature of the 
results obtained by Lindegren & Mundkur, the difficulties reported in classi- 
fying multiple-deficiency mutants (215), and the lack of confirmation by 
others, their conclusions are not altogether convincing. 

The most credible report of non-Mendelian inheritance in yeast involves 
the mutation petite colonie, described in a series of papers from Ephrussi’s 
laboratory (216 to 222). This mutation is probably identical with that 
obtained by Stier & Castor (223) some years ago. The petite mutation occurs 
spontaneously in baker’s yeast at the rate of approximately 0.002 per cell 
generation. Treatment with 2,8-diamino-10-methylacridinium chloride 
(acriflavine) results in practically complete transformation of normal cultures 
into petites. Biochemically, the latter are characterized by the lack of detect- 
able cytochrome oxidase and succinic dehydrogenase activities. Cyto- 
chrome-c is present. Respiration of glucose is only 8 per cent of normal, but 
fermentation is normal and proceeds at the same rate aerobically as anaerobic- 
ally (absence of Pasteur effect). In crosses to normal and in backcrosses, 
non-Mendelian results were obtained. The character is lost on outcrossing, 
appearing among the progeny with a frequency approximating the spontane- 
ous mutation rate. In contrast, it is quite stable through asexual divisions. 
These and other results suggest that self-duplicating cytoplasmic elements, 
present in normal and lacking in mutant cells, are involved. It is suggested 
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that these elements may be mitochondria. Recently, it has been found that 
the petite character can also result from mutation of a nuclear gene (224). 
When the gene mutant is crossed to the cytoplasmic mutant, half the progeny 
are normal, a result consistent with the hypothesis that the cyanide-sensitive 
respiratory system is controlled by a nuclear gene and a cytoplasmic factor. 
Although the foregoing results argue strongly in favor of a self-reproducing 
element in the cytoplasm, Sturtevant (237) has pointed out the similarities 
between this case and the position effect variegations in Drosophila [reviewed 
by Lewis (225)]. Although the mechanisms underlying position effects are 
themselves not well understood, they are known to have a definite chromo- 
somal basis. 

Higher animals.—Billingham & Medawar (226, 227) describe the results 
of skin-grafting experiments which have led them to suggest that melanin 
formation in the guinea pig is mediated by a self-reproducing enzyme (or 
enzyme precursor). When pigmented skin is grafted into a nonpigmented 
region, or the reverse, spreading of pigment into the nonpigmented area 
around the graft is observed. The authors demonstrate convincingly that the 
spreading is not the result of invasive cellular replacement or of ordinary 
enzyme or metabolite diffusion. A third possibility, that of melanophore 
migration, is considered to be unlikely on the basis of the evidence but has 
not been disproved. The most probable interpretation, in the view of Billing- 
ham & Medawar is transmission of a melanogenic element by infection from 
pigmented to nonpigmented cells. 

Along similar lines, Niu & Twitty (228) have reported direct observations 
of the transformation of phagocytic cells of salamander larvae into melano- 
phores following the ingestion of debris from degenerating melanophores. 
While in a sense complementary to the work of Billingham & Medawar, there 
is yet no proof of an increase in the total quantity of melanogenic enzymes 
in the transformed cell lines. 
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BIOCHEMISTRY OF NATURAL PIGMENTS 
(EXCLUSIVE OF HAEME PIGMENTS AND CAROTENOIDS) 


By TIRUVENKATA RAJENDRA SESHADRI 
Delhi University, Delhi, India 


FUNCTION IN PLANTS 


Just as the components of blood are important for animals, the sap- 
soluble pigments (anthocyanins and anthoxanthins)! should be expected to 
be of importance for the physiology of plants though adequate information is 
not available about the part they play. There seems to be a ready mechanism 
in most plants for anthocyanin production and the formation of anthoxanthin 
is intimately related to it. Further, the details of the constitution of these 
pigments are characteristic of individual species of plants and are definitely 
controlled by the presence of specific genes. It would, therefore, be incredible 
that they should have no great physiological significance. However, none of 
the theories so far proposed regarding their function appears to be wide 
enough, though each may have validity within limits and may indicate 
adaptation for particular purposes. Suggestions have been made that they 
may act as light filters and thus regulate photosynthesis. But anthocyanins 
do not seem to protect chlorophyll since their absorption spectra are com- 
plementary. Flowers fertilised by bees are usually blue, since insects are 
insensitive to red. This function again is of limited applicability; actually 
the bright coloured pigments also occur frequently in parts which cannot be 
seen e.g., underground roots, inside of fruits, etc. 

That they may have more important functions will be clear from the 
recent study of Kuhn & Léw (1) on crocus pollen. From this source a 
crystalline glycoside was obtained which even at a dilution of 1.610” 
immobilised the gametes of the alga Chlamydomonas while the yellow aglu- 
cone acted on the bisexual cells as a gynotermone, imparting to them the 
property of being able to conjugate only after the addition of male gametes, 
i.e., imparting female characteristics to the bisexual cells, even in a concen- 
tration of 1 mg. in 4X10" ml. The glucoside has been shown to be the 3,4’- 
diglucoside of isorhamnetin (1). The specific gynotermone property is pos- 
sessed by isorhamnetin (II) and not by quercetin (III) or by other related 
flavones. Szent-Gyérgyi (2, 3) and others (4, 5) considered that hydroxy- 
flavones play an important part as components of oxidation-reduction 
systems. 


1This subject was last reviewed in 1940. In view of the restriction of space, 
only certain broad lines of biochemical interest are discussed here. 
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PHYSIOLOGICAL ACTION ON ANIMAL SYSTEMS 


Careful chemical examination of a number of plant drugs did not reveal 
the presence of the well-recognised active substances like alkaloids and 
cardiac glycosides. The only isolable crystalline components belonged to the 
group of flavones. These compounds, familiarly associated with vegetable 
dyestuffs, were not at first recognised as the therapeutically active compo- 
nents and little investigation was made of their physiological properties. 
But their physiological role was definitely established by the work carried 
out during the thirties of this century. 

The earliest work on this subject was that of Koike (6), who investigated 
the diuretic action of myricetin (IV), morin (V), and kaempferol (VI) on 
normal rabbits and showed that the potency increased with the increasing 
number of hydroxyl groups. The diuretic dose was about 25 mg. per kg. 
given subcutaneously. This was supported by the work of Fukuda (7) who 
showed that besides the above-mentioned flavones, the flavone glycosides 
quercitrin (VII), rutin (VIII), and myricitrin (IX) were also diuretic. Many 
Chinese and Japanese vegetable drugs, known to be diuretic, were found to 
contain the flavone group of compounds. He further reported that they were 
cardiac stimulants and vasoconstrictors and that they increased blood pres- 
sure. They are absorbed in the intestinal canal and from the subcutaneous 
tissue and are excreted unchanged in the urine. They are also present in the 
bile. Fukuda further found that kaempferol (VI) and its glucoside (X) were 
cathartic being the effective constituents of semen Rhamni japonict. Similar 
results were reported by other workers (8, 9, 10). However, Sokoray & Czim- 
mer (11), who studied the action of quercitrin (VII) on the blood content of 
abdominal organs, found ‘that in doses of 1 mg. per kg. there was a fall in 
blood pressure and the kidney and mesenteric vessels were affected. 

But the greatest advance has been made in connection with the studies 
on vitamin P. Under this term are included certain mixtures of flavanone 
and flavone glycosides which are found widely distributed in nature in many 
fruits. Szent-Gyérgyi and co-workers (12, 13) noticed that there are certain 
symptoms of scurvy which are not cured by vitamin C. These are associated 
with the pathological fragility of the capillary walls and their permeability 
to plasma proteins and are attributed to the lack of vitamin P. The flavanone 
and flavone glycosides having the curative properties were first isolated from 
Hungarian paprika and later from lemon juice and peels and more recently 








HO 


RO 


/H 


veal 
and 
» the 
able 
npo- 
‘ties. 
ried 


ated 
) on 
sing 
kg. 
who 
ides 
any 
d to 
vere 
res- 
20US 
the 
vere 
lilar 
Zim- 
it of 
ll in 


dies 
one 
any 
tain 
ited 
lity 
one 


rom 
itly 











BIOCHEMISTRY OF NATURAL PIGMENTS 489 


oO OH ° OH 
HO OH HO OH 
OH 
R OH 
c c 
OH O OH Oo 
IV R=H 
IX R=rhamnose unit Vv 
Oo 0. OH 
RO OH HO OH 
‘OH r 
Cc c 
OH O OH O 
VI R=H vil =rhamnose residue 
xX R= glucose unit VIII R=rutinose residue 


from rose hips. These are also well-known rich sources of vitamin C. The 
term “‘citrin’’ (14) was first used for the crystalline product obtained from 
lemons and this was shown by Briickner & Szent-Gydrgyi (15) to consist of 
a mixture of glycosides, hesperidin (XI), and eriodyctin (XII). Later, 
quercitrin (VII) was also found to be present. The possibility that the active 
principle is the glycoside of the chalcone (XIII) corresponding to hesperidin 
has also been suggested (16). But it will have little stability and has not been 
found to occur in nature [see Seshadri and co-workers (17, 18, 19)]. 
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To the above list of active compounds has been added rutin (VIII) which 
is a 3-disaccharide of quercetin occurring widely in nature. According to 
Lavollay & Parrot (20, 21), their action is attributed to the protection they 
give to epinephrine which is primarily responsible for maintaining the capil- 
lary condition satisfactorily. But this theory of indirect effect does not seem 
to be fully accepted, the alternative of direct action on capillary walls being 
also possible (22). 








490 SESHADRI 


Clark & Geissman (23) studied the potentiation of the effects of epi- 
nephrine by flavonoid compounds and the relation of structure to activity. 
Some 70 compounds were examined. The minimum molecular structure 
essential for high activity was predicted, synthesised, and confirmed. It is 
3,3’,4’-trihydroxy flavone (XIV) and has an activity about 16 times that of 
rutin, which is taken as the standard. Gossypetin was also found to have 
high activity. They conclude that the presence of an unsubstituted ortho- 
dihydroxy benzene nucleus, though present in many of the more active com- 
pounds, is not a structural necessity. They also support the earlier contention 
that vitamin P-like substances do not act entirely by inhibiting metal cata- 
lysed oxidative destruction of epinephrine. 
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Another interesting and recent development is the discovery of the marked 
toxic and insecticidal properties of the simpler flavone derivatives. It started 
from the investigation of plant insecticides which led to the study of the 
relation between constitution and insecticidal properties. For a considerable 
number of years, the idea was current that insecticides owe their properties 
to the presence of specific groups which are essential for the promotion of 
the insecticidal action. Lauger et al. (24) gave more concreteness to these 
concepts. Among the toxophores, groups like (A)—CO—CH==CH—O— and 
(B)—O—CO—CH=CH— were included and lipoid solubility was emphasised 
as very important for insecticidal action. These ideas can be applied for the 
explanation of the insecticidal action of plant insecticides like rotenone 
and pyrethrins, as well as synthetic insecticides like D.D.T. As compounds 
having the grouping (A), the flavones have been tested by Seshadri and co- 
workers (25 to 29) using fish as test animals. It is found that chrysin (5,7- 
dihydroxy flavone) (XV) and galangin (XVI) are considerably toxic, whereas 
those having more hydroxyl groups are only feebly toxic. In comparison with 
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the hydroxy compounds, the methoxy flavones are far more toxic and this is 
to be attributed to improved lipoid solubility. Actually, 7-methoxy flavone 
(XVII) is found to be highly toxic and is about one-tenth as potent as rote- 
none. In the course of further study it has become clear that the simpler 
coumarins (toxophore B) and chromones (toxophore A) are not so good as 
insecticides as the above and the presence of a side-pheny] nucleus is necessary 
for enhanced toxicity. Thus, 3-phenyl- (XVIII) and 4-phenyl- (XIX) 
umbelliferones and their methyl ethers have considerable potency. Related 
flavanones and chalcones are also useful as insecticides. Effects similar 
to those obtained with fish have been found even with earth-worms. The 
exact mechanism of this insecticidal action is not yet clear. That flavones 
and related compounds have bacteriostatic activity is shown by the work of 
Schraufstatter (30, 31). 


OXIDATION LEVELS AND INTERCONVERSION OF PIGMENTS 


The sap-soluble pigments having the Cjs-skeleton belong to a large 
number of categories. They can be arranged in the following order on the 














7 
TABLE I 
Flavones 
6 
5 
Name Position of the Position of the 
Hydroxyl Groups, Methoxyl Groups 
Flavone --- --- 
Pratol 7 4' 
5-Hydroxy flavone 5 --- 
(Primuletin)* (95) 
Chrysin 5,7 --- 
Apigenin 5, 7, 4° --- 
Apigenin dimethyl ether 5 1, 4' 
Acacetin 5, 7 4' 
Genkwanin 5, 4! q 
Luteolin 5, 7, 3', 4° --- 
Chrysoeriol 5, 7, 4" 3! 
Diosmetin 5, 7, 3° 4' 
Tricin 5, 7, 4° 3*, 5° 
Primetin 5, 8 --- 
Wogonin &, 8 
Baicalein 5, 6,7 --- 
Oroxylin-A (96) 5, 7 6 
Scutellarein 5, 6, 7, 4' nee 
Pectolinarigenin (97) 5,7 6, 4' 
Nobiletin --- 5, 6, 7, 8, 3', 4" 





*The name ‘primuletin’ is now given to 5-hydroxy flavone since this 
compound occurs in Primulae 
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basis of the oxidation levels of the oxygen ring or of the carbon atoms bridging 
the two benzene rings: (a) Flavonols (highest), (b) Flavones, Flavanonols, 
Isoflavones, and Anthocyanidins, (c) Flavanones and Chalcones, (d) Cate- 
chins and Phloretin. An enumeration of the compounds occurring in nature 
is given in the tables, to indicate various types that exist in the above cate- 
gories. The compounds are arranged in the order of increasing number of 
hydroxyl groups (or methoxyl groups), their number and arrangement in the 
condensed benzene ring (A) providing the basis for the sub-groups. The 
glycosides are not enumerated here for lack of space, but in them the sugar 
groups can be in any of the available positions, and none seems to be ruled 
out; the sugar part can also be in two units attached to two different posi- 














tions. 
8 
1 
TABLE II 
Flavonols 6 
5 
“Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 

Fisetin 3, 7, 3%, 4" --- 
Robinetin 3, 7, 3", 4", 5° --- 
Kanugin (68) --- 3, 7, 5* (3°, 4"-meth- 

ylene-dioxy) 
Galangin 3,5, 7 --- 
Galangin 3-methyl ether 5,7 3 
Izalpinin 3,5 7 
Kaempferol 3, 5, 7, 4° --- 
Kaempferide 3, 5, 7 4' 
Quercetin 3, 5, 7, 3", 4" --- 
Rhamnetin 3, 5, 3", 4° 7 
Isorhamnetin 3, 5, 7, 4" 3! 
Rhamnazin 3, 5, 4° 1,3 
Myricetin 3, 5, 7, 3°, 4', 5° --- 
Datiscetin 3, 5, 7, 2° --- 
Morin 3, 5, 7, 2", 4° --- 
Herbacetin 3, 5, 7, 8, 4° “-- 
Tambuletin (98) 3, 5, 7, 4" 8 
Tambulin (99) 3, 5 1, 8, 4" 
Gossypetin 3, 5, 7, 8, 3", 4" as sea 
Meliternin (100) --- 3, 5, 7, 8 (3", 4*-meth- 

ylene-dioxy) 
Hibiscetin (101) 3, 5, 7, 8, 3", 4", 5° --- 
Tangeretin --- 3, 5, 6, 7, 4° 
Quercetagetin 3, 5, 6, 7, 3", 4° --- 
Patuletin (102) 3, 5, 7, 3", 4" 6 
Gardenin (103) 5 3, 6, 8, 3", 4", 5* 
Auranetin (104) --- 3, 6, 7, 8, 4" 
Calycopterin (105) 5, 4’ 3, 6, 7, 8 
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8 
7 

TABLE Ol 
Flavanonols* 6 

5 

Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 

Fustin (106) 3, 7, 3", 4" - 
Alpinone (107) 3, 5 (2-CH3) 7 
3-Hydroxy naringenin (52) 3, 6, 3, + --- 
3-Hydroxy eriodictyol (52) 3, $, 3, 3, & -- 
Ampeloptin (53, 54, 55) 3, 6, 3, +. # -- 





* So far, this is a small group, and representatives of the more complex 
types having larger number of hydroxyl groups in the benzopyrone part 
are lacking. 














7 12 
TABLE IV : P 
= 
Isoflavones 8 ‘ ' “ 
5 ra 6 5' 
Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 
Daidzein 7,4 --- 
Formononetin 7 4' 
Pseudo-baptigenin 1 (3', 4"-methylene- 
di 
Tatoin (108) 5, 4', (8-CH3) --- _ 
Genistein (Prunetol) 5, 7, 4' --- 
8-Methyl genistein (108, 109) 5, 7, 4", (8-CH3) --- 
Prunetin (83) 5, 4' q 
Biochanin-A (110) §, 7 4' 
Isogenistein (108) 5, 7, 2! --- 
8-Methyl isogenistein (108) 5, 7, 2°, (8-CH) --- 
Orobol (111, 112) 5, 7, 3°, 4! -- 
Santal (112) 5, 3', 4! 7 
Tectorigenin 5, 7, 4' 6 
Irigenin 5, 7, 3° 6, 4', 5° 





*Higher hydroxylated types are particularly lacking. 
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TABLE V 
Anthocyanidins* 

Name Position of the Position of the 

Hydroxyl Groups Methoxyl Groups 

Pelargonidin 3, 5, 7, 4° --- 
Cyanidin 3, 5, 7, 3°, 4° --- 
Delphinidin 3, 5, 7, 3°, 4", 5° --- 
Peonidin 3, 5, 7, 4° 3° 
Petunidin 3, 5, 7, 4*, 5° 3° 
Malvidin 3, 5, 7, 4° 3', 5° 
Hirsutidin 3, 5, 4" 7, 3°, 5° 
Gesneridin 5,°7, 4! --- 
Carajuridin 6, 7 5, 4' 
Betanidin type Nitr 


ogenous 





* Pelargonidin, cyanidin, and delphinidin are the main types; they are 
widely prevalent. The subsequent four are the methyl ethers of cyan- 
idin and delphinidin. Rather exceptional are gesneridin and carajuri- 
din; they occur rarely and liave no hydroxyl substituent in position 3. 
Carajuridin has, in addition, a hydroxyl group in position 6. 














8 
7 
TABLE VI 
Flavanones 6 
5 
— 
Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 
Liquiritigenin 7, 4' --- 
Butin 7, 3", 4" --- 
Desmethoxy-matteucinol (113) 5, 7 (6, 8-dimethyl) --- 
Naringenin 5, 7, 4° --- 
Sakuranetin 5, 4' 7 
Citrifoliol (Isosakuranetin)* 5,7 4' 
(114) 
Matteucinol (115) 5, 7 (6, 8-dimethyl) 4' 
Citronetin (116) 5,7 2' 
Eriodictyol 5, 7, 3°, 4° --- 
Homoeriodictyol 5, 7, 4' 3! 
Hesperetin 5, 7, 3° 4' 
Carthamidin (117) 5, 7, 8, 4" --- 
Isocarthamidin (117) 5, 6, 7, 4" --- 
Isopedicin (118, 119) 6 5, 7, 8 





* Optically active form of isosakuranetin. 
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2' 3' 
H 1" 
4 2 Cc 4' 
TABLE VII | 
Chalcones 4 6' 5' 
" 5 CH 
i’ 
¢ Oo 
Name Position of the Position of the 
Hydroxyl Groups Methoxy! Groups 
Butein 2, 4, 3", 4' --- 
Pedicin (118) 2,5 3, 4, 6 
Pedicellin (120) --- 2, 3, 4, 5, 6 
Pedicinin (121, 122) 2, 5 (3, 6-quino-) 4 
TABLE VII 
Catechins 
an | 
Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 
Catechin and epi-catechin 3, 5, 7, 3", 4" --- 
Pyrogallol catechin 3, 5, 7, 3°, 4", 5° --- 
2' ' 
H 1" 
HO OH C OH 
TABLE Ix 
Phlioretin ‘ - 6! 5! 
Fa 
ss 
OH O 
Name Position of the Position of the 
Hydroxyl Groups Methoxyl Groups 
Phloretin 2, 4, 6, 4' -- 





Methods of interconversion have interest not only in structural studies 
but also in connection with biogenesis. The most attractive was the conver- 
sion of a flavonol (quercetin IIT) into an anthocyanidin (cyanidin XX) by 








496 SESHADRI 


reduction (32 to 35). The reverse process of oxidising a pyrilium salt to a 
flavone has not attracted much attention but has been used by Robinson & 
Schwarzenbach (36) for an ingenious synthesis of scutellarein (X XI). Much 
earlier Kostanecki had worked out methods for the conversion of chalcones 
and flavanones into flavones and flavonols. But they were not convenient to 
carry out nor had they any clear biogenetic significance. More recently these 
transformations have received attention with important results. 


cl 
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Cc 
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xx XXII 


The first method of synthesis of flavones employed chalcones as starting 
materials. But the chief defect in this method of Kostanecki using bromine as 
reagent is the possibility of nuclear bromination and of the predominant 
tendency to form benzal-coumaranones (XXII) instead of flavones (XXIV) 
(37, 38). Kostanecki later met with greater success when he used the flava- 
nones as their methyl ethers (39). A recent improvement is that of Zemplen & 
Bognar (40) who have submitted the acetates of hydroxy flavanones to 
bromination in the presence of ultraviolet light, whereby the bromine atom 
enters the 3-position alone (X XV). This is subsequently eliminated as hydro- 
gen bromide by means of alcoholic potash. 
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An important advance is the direct dehydrogenation of chalcones or 
flavanones by means of selenium dioxide (41). But it has been found to be 
successful only in a few simple cases and seems to fail when the chalcone or 
flavanone contains a number of free hydroxyl groups. Phosphorus penta- 
chloride may also be used for the dehydrogenation of flavanone methyl 
ethers (42), but the use of iodine in the presence of sodium acetate seems to 
be more satisfactory. In alcoholic solution and in the presence of sodium 
acetate, iodine brings about the oxidation of hydroxy-flavanones rapidly 
and very good yields of the corresponding flavones are obtained. The method 
is suitable also for the oxidation of hydroxy-flavanone glycosides (43). 

For the preparation of a flavonol, Kostanecki first converted the chalcone 
into the flavanone by boiling with alcoholic sulphuric acid. On treatment 
with amyl nitrite and concentrated hydrochloric acid, the flavanone (X XVI) 
yielded an isonitroso derivative (X XVII) which was hydrolysed subsequent- 
ly by boiling with dilute mineral acids to the flavonol (X XVIII). An improve- 
ment was made by Seshadri et al. (44, 45) who combined the last two stages 
in one operation. 
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Algar & Flynn’s method adopts the oxidation of 2-hydroxy chalcones 
(XXIX) with alkaline hydrogen peroxide (46). This method was used in 
the synthesis of 7,8- and 6,7,8-hydroxy flavonols (47). Recently, Geissman 
& Fukushima (48) reported the formation of benzal-coumaranones (XXX) 
by the oxidation of 2-hydroxy chalcones with a methoxyl! group in the 6- 
position. A similar observation was made by Seshadri and co-workers (49) 
who showed that even a 6-methyl group produces the same effect. But 
Venkataraman et al. (50) observed that when a chalcone with a free hydroxy] 
in the 4’-position was treated with alkaline hydrogen peroxide, a flavonol was 
produced even when a methoxy! was present in the 6- position. 
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Probably the method having greatest biogenetic significance is the con- 
version of a flavanone (X XVI) into the corresponding flavanonol (XXX1) 
(many of which groups occur in nature) and then into the flavonol (XXVIII). 
For the first stage, Zemplen & Bognar (51) employed bromination and sub- 
sequent treatment with silver acetate. This has been brought about in a 
simpler way in the Delhi laboratories by using iodine and silver acetate in 
alcoholic solution (in press). The resulting flavanonols (XX XI) can be oxi- 
dised into the flavonols (XXVIII) (52 to 56). The possibility of dehydration 
of flavanonols to flavones should also bé mentioned in this connection. 


°. 
Ces 
xxvI ———> —— XXVIII 
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Of particular importance for the establishment of the constitution of the 
catechins was the conversion of the pentamethy] ether of cyanidin (XXXII) 
into dl-epicatechin pentamethyl ether (X XXIII) by reduction with hydrogen 
and platinum; cyanidin (XX) itself can be reduced to dl-epicatechin 
(XXXIV) (57). 


ci 
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XXX R=CH, XXXII R=CH 
xx R=H XXXIV R=H 
It is also possible to bring about the reverse change of catechin to cyanidin 
by an indirect method. For this purpose d-catechin tetramethyl ether is 
brominated in dioxan solution, yielding bromocyanidin tetramethyl ether 
bromide which can be converted into cyanidin by the action of hydrogen 
iodide and phosphorus (58). 


BIOGENESIS 


In the study of biogenesis of sap-soluble pigments, attention was given 
earliest to the association of flavonols and anthocyanins and it was considered 
that the latter were derived from the former: chemically a process of reduc- 
tion was needed and it could be carried out in vitro. On this theory of sequen- 
tial origin a correlation could be expected between the structures of flavonols 
and anthocyanins occurring together in the same source. Pairs like pelar- 
gonidin and kaempferol, cyanidin and quercetin, delphinidin and myricetin 
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should occur together. Among the several cases examined in this connection 
this correlation could not be found. The presence of pelargonidin with my- 
ricetin and delphinidin with kaempferol was not uncommon. Further, in 
some cases, the accompanying anthoxanthins were not flavonols but flavones. 
For example, in the flowers of Antirrhinum majus the flavones apigenin and 
luteolin accompany the anthocyanin, a cyanidin glycoside. The relation 
between flavones and anthocyanidins (3-hydroxy compounds) is not so direct 
and a number of intermediate stages have to be postulated for the transfor- 
mation of one into another. More recently a chalcone (butein) and an antho- 
cyanin have been found to occur together in the Dahlia (59). In order to re- 
move this and other difficulties, Robinson (60) developed the idea of parallel 
origin of these groups of compounds from a common source. The hypothetical 
intermediate (C) built up of the parts (A) and (B) was suggested for this 
purpose. It can be constructed from two hexose and one triose units through 
a series of aldol condensations. The central three carbon’ fragment may be 
modified in several ways to give different end products. For example, oxida- 
tion at C, leads to the formation of cyanidin, at C3; to the flavone luteolin 
and at both Cz and C; or at C; and C; to the formation of the flavonol quer- 
cetin. 
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This idea could be extended to the other groups of anthoxanthins also, 
Flavanonols would then be derived from (C) by oxidation at C; in the same 
way as for obtaining a flavone, but the elimination of a molecule of water 
involving positions 2 and 3 does not take place. Chalcones and flavanones 
do not require any oxidation or reduction of the bridge. On the other hand, 
catechins would need reduction at C; and phloretin at C. 
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Isoflavones represent a somewhat different type in which B’ is involved 
instead of B. and the intermediate (C’) then undergoes oxidation at Cs, ring 
closure and dehydration. Simpler examples involving B’ are found in tropic 
acid (XX XV). 

Some of the implications of the theory were examined by making a survey 
of anthocyanins (61). This was rendered possible by the development of a 
quick method of analysis requiring small quantities of plant material (62). 
The data led to the conclusion that cyanidin is the primary member of the 
anthocyanidin group and the production of delphinidin (oxidation) and 
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pelargonidin (reduction) involves one more stage in evolution. This result 
gave definite support for the structure (C) for the common precursor. 

The study of the genetics of flower colour has provided some important 
evidence relevant for the present purpose. The results of Lawrence & Scott- 
Moncrieff (63) indicate that the syntheses of anthocyanins and anthoxan- 
thins in plants not only follow similar lines, but employ also the same start- 
ing materials. They have further suggested that the anthocyanins of the 
Dahlia are produced from two substances, one of which is always present in 
sufficient quantities and the other in a limited amount. The significance of 


n CH20H HO OH CH2OH 
A oH —~= - OH 


HH ‘OH 
B' c! 
CgH5 —-CH——COOH 
CH20H 
XXXV 


this to Robinson’s Ce—C;—C, hypothesis is evident and the substance pres- 
ent in limited amount is presumably the Cs—C; (B) component. This re- 
sults in competition between the two pigments. If the limited component is 
used up to make much flavone it is not available for anthocyanin and vice 
versa. As the result of the isolation of butein by Price from Dahlia variabilis 
(59), it is clear that in this plant the anthocyanins, the flavone (apigenin) 
and the chalcone (butein) are produced from a common intermediate and 
there is competition between these for this intermediate. 

Though a detailed and widespread survey of anthoxanthins is not easy, 
Rao & Seshadri (64) examined the available information regarding their 
occurrence and association. The data were found to support Robinson’s 
theory and quercetin and luteolin could be considered to be the primary 
members among flavonols and flavones, respectively, and other members 
having more or fewer hydroxyl groups in the side phenyl ring should involve 
more stages (oxidation or reduction) in their evolution. A prominent char- 
acteristic which finds no parallel in the anthocyanins is the large variation in 
the stage of oxidation, particularly of the condensed benzene ring. The num- 
ber of hydroxyl groups in this ring can vary from 0 to 4. This feature could 
also be explained as due to modifications by oxidation and reduction of the 
fundamental type of 5,7-dihydroxy compounds. 

In support of the above suggestions, laboratory experiments were carried 
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out by Seshadri and co-workers on nuclear oxidation (65). It was shown by 
them that 5,7-dihydroxy flavones (XXXVI) could be readily converted 
into the corresponding 5,7,8-trinydroxy compounds (XX XVII) by oxida- 
tion using alkaline persulphate. For the evolution in nature of the corre- 
sponding 5,6,7-trihydroxy compounds (XX XVIII), they suggested that a 
form having the pyrone ring open was involved and this underwent ring 
closure after nuclear oxidation. As a model experiment, the oxidation of 
phloracetophenone and w-methoxy phloracetophenone dimethyl ethers was 
taken. A closer analogy was the oxidation of 2-hydroxy-4,6-dimethoxy 
chalcone (XX XIX). The 5,6,7,8-tetrahydroxy flavone series could be read- 
ily obtained by applying the same process of nuclear oxidation to 5,6,7- 
trihydroxy flavones, again oxidation taking place in the 8th position. The 
success of these experiments was due to the fact that alkaline persulphate 
acts as a good electrophilic reagent and introduces satisfactorily a hydroxyl 
in the position para to the activating group (66). 
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Experiments with persulphate oxidation satisfactorily explained the evo- 
lution of the variations in the condensed benzene ring of the flavone system. 
In these cases only para oxidation was necessary and in view of the resem- 
blance between persulphate and hydrogen peroxide in behaviour, the valid- 
ity of this single stage process for biogenesis could be granted. On the other 
hand, in regard to the side-pheny] nucleus, as exemplified by the oxidation of 
quercetin to myricetin, ortho-oxidation is involved. The parallel case of 
cyanidin and delphinidin in the anthocyanins has been discussed in detail 
by Robinson and his collaborators using genetic evidence and the position is 
well established. But the oxidation of a quercetin derivative (XL) into a 
myricetin derivative (XLI) could not be achieved with persulphate. 
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CH,O OH CH30 OH 
> OH 
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CH;0 0 CH,O Oo 
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Even in simpler cases ortho-oxidation with this reagent was very unsatis- 
factory. Consequently, an alternative procedure which could be more effec- 
tive had to be considered. The following two-stage process seemed to be suit- 
able. 


OCH, OCH, OCH, 
<8 = <TE = <oS 
Cc 


HO OH 


This has been confirmed, not only by using the most favourable cases of 
ortho-oxidation but also with the classical example of the oxidation of quer- 
cetin to myricetin (67). Satisfactory yields are obtained. For the first stage 
hexamine is used as the reagent and for the second stage hydrogen peroxide 
(Dakin’s reaction). The former may be considered to be a convenient form 
for bringing into reaction formaldehyde. Thus the reagents employed ap- 
proximate phytochemical reagents closely. Incidentally, the intermediate 
catechols can be conveniently methylenated to yield naturally-occurring 
methylene ethers. As a typical naturally-occurring example, kanugin (XLITI) 
has been synthesised from fisetin trimethyl ether (XLII) (68). 
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More recently this work has been extended to the components of essen- 
tial oils which are classified as allyl- and propenyl-benzene derivatives. Rob- 
inson (69) has drawn attention to the biogenetic similarity between the 9- 
carbon systems present in these and in the nonphloroglucinol part of antho- 
cyanins and anthoxanthins. Both are considered to arise from the component 
(B) of the biogenetic precursor. The two-stage oxidation process is now 
found to proceed very satisfactorily with eugenol. This has led to a simplified 
synthesis of elemicin (XLIV) and myristicin (XLV) (70). 


CH30 Hy»C—Q 
CH,O if f" 
CHO pa CH,0 cH 
Cc c 
Ho Hy 
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For considering this multi-stage mechanism as valid for phytochemical 
ortho-oxidation, support could be obtained from the study of lichen acids, a 
group of chemical as well as physiological interest. They provide evidence 
for the existence of the aldehyde stage as a step in the introduction of a 
phenolic hydroxyl group (71). The fundamental units in these lichen acids 
are orsellinic acid and its homologues. The aldehyde stage (XLVI) is found, 
for instance, in barbatolic acid and atranorin and the corresponding hydroxy 
unit (XLVII) is present in sekikaic, homosekikaic, ramalinolic, and boninic 


acids. 
HO H 
OH HO; OH HO OH 
— — 
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For the success of the laboratory experiments on nuclear oxidation it is 
found necessary to protect most of the hydroxyl groups by methylation. 
The protection may not be altogether necessary under natural conditions 
or may be brought about by other easier and more facile methods whose 
effects can be removed after oxidation. 

The studies on nuclear oxidation have also led to the easy synthesis of 
naturally-occurring flavones and flavonols with three and four hydroxyl 
(methoxyl) groups in the condensed benzene ring and also of special, though 
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simpler compounds like primetin. The application of these methods for 
the establishment of the structures of partial methyl ethers as well as glyco- 
sides has been illustrated by a number of typical examples (gossypin, hibis- 
citrin and quercetagitrin; patuletin, tambuletin and oroxylin-A). Special 
mention should be made of the interesting and novel cases like gardenin and 
pedicin and also of myristicin and elemicin (65). 

Though the result of the investigations discussed in the previous pages 
support the theory of parallel origin for the various groups of sap-soluble 
pigments, the alternative of sequential origin is not altogether excluded. This 
point has recently been argued by Stephens (72) from the side of genetics. 


Parallel syntheses of these structurally similar pigments would surely require 
that the genes controlling these syntheses should be extremely specific in their actions. 
Otherwise a gene responsible for a particular substitution in an anthocyanin molecule 
might be expected to bring about a similar substitution in the accompanying antho- 
xanthin. However, if this situation is avoided by postulating extreme specificity of 
the genes, the whole argument in favour of parallel syntheses is much weakened. A 
situation involving sequential synthesis might be equally probable. For example, a 
certain genotype might contain specific genes for converting quercetin into cyanidin, 
and in addition a specific gene for methylating the cyanidin nucleus. In that case one 
would not necessarily expect quercetin to be accompanied by cyanidin in the same 
flower, since the cyanidin might easily be converted into a methylated form (that is, 
peonidin) as fast as it was formed. It seems therefore that a critical discrimination 
between the alternative hypotheses of parallel or sequential syntheses must await 
more information on the specificity of the genes concerned. 


The new considerations that are discussed in the sequel seem to indicate 
that the process of sequential evolution does exist to a limited extent and 
should be considered as playing a part along with the process of parallel 
evolution. These relate to the occurrence of methyl ethers and glycosides of 
anthoxanthins. The position occupied by ether and glycoside groups varies 
and practically all positions are capable of being involved. No precise infor- 
mation seems to be available as to why and how the choice of particular 
positions is made in nature in individual cases, though the question is impor- 
tant. Possible reasons include:—(a) solubility, (b) light absorption, and (c) 
stability to oxidation. As an example, gossypin (XLVIII) (73, 74) (8-gluco- 
side of gossypetin) and gossypitrin (XLIX) (75) (7-glucoside) can be com- 
pared. The former is readily soluble in water whereas the latter is not. Fur- 
ther, gossypin is more deeply yellow. It is also more stable to oxidation since 
the quinol structure is protected. Stability to oxidation appears to be an im- 
portant consideration. Where there are a large number of phenolic hydroxyl 
groups, especially in the ortho or para orientation, oxidation can take place 
readily and this can be controlled to a considerable extent by glycoside or 
ether formation. To these three reasons may be added a fourth. The physio- 


logical properties of the compounds seem to be also affected markedly by 
these modifications. 








506 SESHADRI 


fe) OH H o OH 
HO OH GO H 
OH OH 
Cc 
H O OH O 
XLVI G= glucose unit xLx 


A question which has been raised in regard to them is whether glycoside 
formation and similarly ether formation represent final stages in evolution 
or whether they take place even earlier. These reactions are definitely genet- 
ically controlled and in most cases the glycosides and the aglucones, and 
similarly the methyl] ethers and the parent hydroxy compounds, occur to- 
gether. Armstrong & Armstrong (76) in their monograph The Glycosides 
came to the conclusion that glycoside formation is the final stage. Stephens 
(77), working from the side of genetics, has also arrived at the same result. 
Even this seems to require some modification in the light of the chemical 
considerations discussed below. 

7-Methyl ethers of flavones and flavonols are of frequent occurrence and 
so also are 7-glycosides. This may indicate either that the 7-hydroxy] is 
markedly more reactive than the rest or that there is an efficient mechanism 
for protecting the other positions. Very little is known about the second al- 
ternative except that the 5-position is definitely protected by chelation with 
the neighbouring carbonyl. In the simple dihydroxy flavone, chrysin, the 
7-hydroxyl is far more reactive than the 5- for this reason and partial meth- 
ylation or glycosidation readily takes place. But as soon as fresh hydroxyls 
are introduced in the pyrone ring and the side phenyl nucleus, the difference 
between the 7- and other positions becomes much less marked. Perkin & 
Horsfall (78) made attempts to prepare a monomethy! ether of luteolin by 
direct methylation and recorded that they could get only the 7,4’-dimethy] 
ether (L) in a small yield. It is therefore clear that direct partial methylation 
or glycoside formation of flavones and flavonols in the 7-position is not a 
successful one in the laboratory and may not be expected to be successful 
even in the plant. 


O. OH 
CH,0 OCH, 
c 
OH O 





Th 
flavon 
nus pi 
sakurz 
a sign 
occur 
the di 
new. 2 
ringen 
tion o 


RO 


The 
other 
cules 
tion 
phen 
plen 
the 
geni: 
disec 
acet 
rect 
obta 
oxid 
rane 





BIOCHEMISTRY OF NATURAL PIGMENTS 507 


The possible explanation of the occurrence of 7-methy! ethers of hydroxy 
flavones is suggested by certain recent laboratory work. 1. The bark of Pru- 
nus puddum (79 to 82) contains three closely related 7-methyl ethers (a) 
sakuranetin (LI) (6) genkwanin (LII), and (c) prunetin (LIII) which form 
a significant association. Sakuranetin and sakuranin have been known to 
occur in various species of Prunus as well as prunetin and its glucoside. But 
the discovery of (a) and (c) occurring together and along with genkwanin is 
new. 2. It has also been shown (83) that with hydroxy flavanones (e.g., na- 
ringenin (LIV)) and isoflavones (e.g., genistein (LV)) partial monomethyla- 
tion of the 7-position can be carried out. 
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The markedly higher reactivity of the 7-hydroxyl as compared with the 
others is inherent in the structures of these flavanone and isoflavone mole- 
cules. The carbonyl group activates the 7-hydroxyl by electromeric polarisa- 
tion and deactivates the 5-hydroxyl by chelation, the hydroxyls in the side- 
phenyl nucleus not being affected. It is relevant to mention here that Zem- 
plen et al. (84, 85) have successfully prepared hesperidin (7-glucoside) from 
the flavanone hesperetin and genistin (7-glucoside) from the isoflavone 
genistein 3. A third useful observation is that flavanones can be readily oxi- 
dised by mild oxidising agents (86) like iodine in the presence of sodium 
acetate to the corresponding flavones. Taking all the three together the cor- 
rect explanation of the origin of genkwanin could be arrived at. It cannot be 
obtained by the direct methylation of apigenin, but can be prepared by the 
oxidation of sakuranetin along with which it occurs in the plant, and saku- 
ranetin is the direct product of the monomethylation of naringenin. The 
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scheme is as follows: (LIV)—(LI)—(LII). It would mean acceptance of 
the sequential evolution of 7-methoxy flavones from the corresponding 
flavanones and that methylation is not always the last stage in evolution. 

The above-mentioned occurrence of the isoflavone (prunetin) along with 
its isomeric flavone (genkwanin) is a rare example of such association. It is 
obviously a result of parallel evolution, sakuranetin forming an intermediate 
stage for genkwanin. The same genetic factor could then be responsible for 
the methylation in both cases since in regard to this reaction prunetin and 
sakuranetin are very similar. 

A similar position requiring special explanation is created by the dis- 
covery of glycosides with the sugar groupsin the difficultly accessible 5-posi- 
tion of flavones and flavanones. Examples are (a) salipurposide, the 5- 
glucoside of naringenin (LVI) (87), (6) sakuranin, the 5-glocuside af saku- 
ranetin (LVII) (88), (c) galuteolin, luteolin-5-glucoside (LVIII) (89), 
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and (d) apigenin-5-glucoside (LIX) (90). It will be quite unacceptable to 
suggest direct entry of the sugar groups as the last stage in the formation of 
these compounds. A reasonably correct explanation is indicated by the pres- 
ence of sugar groups in a corresponding position (6-position) in iso-salipur- 
poside (LX) (91), phloridzin (LXI) (92), and asebotin (LXII) (93). In the 
case of these compounds in which the oxygen ring is not closed, the 6-posi- 
tion can be reactive for glycoside formation. This can happen even when 
there is a carbonyl group, since it can deactivate only one ortho-hydroxyl 
group. It could therefore be suggested that glycoside formation in the 6- 
position takes place at an earlier stage and the flavanone ring is subsequently 
closed leading to the production of a 5-glycoside. In this connection the oc- 
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currence in Salix purpurea of iso-salipurposide (LX) is of some significance 
as it may indicate an intermediate stage in the formation of salipurposide 
in the same plant. But it may not be correct to say that the glycoside forma- 
tion takes place at the chalcone stage, because it has been shown (94) that 
chalcones with free hydroxyls in the 2 and 6-positions have little stability 
and would immediately change into flavanones in which the 5-hydroxyl 
would become unreactive. Hence the sugar group should have entered in 
some as yet undetermined earlier stage. From the flavanone-5-glycoside to 
the flavone-5-glycoside is the next step involving oxidation or dehydrogena- 
tion. Zemplen & Meister (90) have been able to convert salipurposide into 
the 5-glucoside of apigenin. Hence, in regard to the 5-glycosides also the 
ideas of glycoside formation at an earlier stage and sequential evolution have 
to be applied. 
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CARBOHYDRATE METABOLISM! 


By SipNEy P. COLOWICK AND NATHAN O. KaPLan?® 
McCollum-Pratt Institute, Johns Hopkins University, Baltimore, Maryland 


The major developments during the past year have been along the follow- 
ing lines: (a) A renewal of interest in several alternate metabolic pathways, 
including the Warburg-Lipmann-Dickens pathway for glucose oxidation, via 
pentose, the Thunberg mechanism for formation of 4-carbon acids by con- 
densation of two 2-carbon units, and the methyl glyoxalase system. (b) The 
establishment of the structure of two new coenzymes, one concerned in the 
galactose-glucose transformation, and the other, coenzyme A, concerned in 
the transfer of acyl groups. Acetylcoenzyme A appears to be the long-sought 
“active acetate.’”’ (c) The development of the concept that dehydrogenases 
can participate in electron transfer, without dissociation of the “bound” 
pyridine nucleotides. (d) Advances in the understanding of the mechanism 
of heterotrophic and photosynthetic carbon dioxide assimilation. (e) Solubili- 
zation and purification of certain enzymes of the citric acid cycle, which have 
heretofore been available only in particulate form. 


REVERSIBLE DEGRADATION OF CARBOHYDRATES 
TO 3-CARBON ACID STAGE 


THE OVER-ALL PROCESS 


Alternate pathways of degradation.—The term ‘‘glycolysis,’’ usually ap- 
plied to this process, is avoided here, because it is planned to consider in this 
section not only the reactions of the Embden-Meyerhof (E-M) scheme, but 
also the reactions of the Warburg-Lipmann-Dickens (W-L-D) scheme, which 
leads to the formation of triose by an alternate pathway. The former path- 
way is usually regarded as anaerobic, and the latter as aerobic. A selective 
effect of a given inhibitor (e.g., iodoacetate or fluoride) on anaerobic metabo- 
lism, without a corresponding depression of glucose oxidation, has been in- 
terpreted as supporting the existence of two pathways for degradation of 
hexoses. More direct evidence for the occurrence of the W-L-D scheme in 
both animal and plant cells is described in a later section. 

The relative quantitative importance of these two pathways for glucose 
oxidation remains to be assessed. It may be worthy of note that whereas the 
E-M scheme provides, per molecule of hexose, two three-carbon fragments 


1 This review covers the period from January 1st to December 3ist, 1950. 

2 The following abbreviations are used throughout: ATP, ADP, and AMP for 
adenosinetri-, di-, and’ mono-phosphate; DPN and TPN for di- and triphosphopyri- 
dine nucleotides; FAD for flavine adenine dinucleotide; P for phosphate, and ~P for 
energy-rich phosphate. 

§ Contribution No. 13 of the McCollum-Pratt Institute. 


513 








514 COLOWICK AND KAPLAN 


which must later be oxidized to carbon dioxide and water, via the Krebs 
tricarboxylic acid cycle, the W-L-D scheme, operating (as originally pro- 
posed) by stepwise removal of three carbons from glucose, would yield only 
one triose fragment, plus 3 molecules of carbon dioxide. Since it is well known 
that two triose fragments can recondense to form a hexose, the W-L-D 
scheme may be regarded as a cycle, providing for the complete combustion 
of carbohydrate to carbon dioxide and water, without the participation of 
the Krebs cycle. 

Confirmative evidence for Embden-Meyerhof scheme.—The universal exist- 
ence of the E-M pathway is so well accepted as to hardly require further 
documentation. During the past year, evidence for the occurrence of the 
expected pathway of phosphorylating glycolysis has been presented by 
Stumpf (1) for pea extracts, by Barré6n et al. (2) for potato slices, by Albaum 
et al. (3) for the green flagellate, Euglena, by Mickelson (4) for the mold, 
Ashbya gossypii, and by Bueding (5) for the parasitic worm, Schistosoma 
mansoni. The techniques used consisted in demonstration of inhibition by 
compounds known to block certain reactions of the E-M scheme, isolation of 
expected phosphorylated intermediates (3), or demonstration of the indi- 
vidual enzymatic reactions in cell-free extracts (1). 

The studies of Bueding (5) are particularly noteworthy, because they 
constitute a rational approach to the problem of the chemotherapy of schis- 
tosomiasis. A large number of compounds were tested as inhibitors of respira- 
tion and glycolysis, and it was shown that glycolysis, which occurs at a tre- 
mendous rate both anaerobically and aerobically, is essential for survival of 
the worms, while respiration is not. A similar approach to problems of chemo- 
therapy has been discussed by Gemmill (6). 

Further proof that glycolysis in living cells proceeds according to the 
Embden-Meyerhof pattern is provided by several reports of Bolcato et al. 
(7), who have demonstrated, by means of carbonyl-trapping agents, the ac- 
cumulation of pyruvic acid, acetaldehyde, and trioses during various types 
of fermentation by growing cells. For those skeptics who are not convinced 
by experiments involving the use of trapping agents or enzyme poisons, 
Kiessling (8) has made the important observation that triosephosphates 
accumulate in normal growing yeast cells during the early stage of fermenta- 
tion. 

Additional proof for the glycolytic scheme, in normal cells, is provided by 
isotope experiments. Studies on lactic acid fermentation in Lactobacillus 
casei, by Gibbs et al. (9), and on alcoholic fermentation by Koshland & 
Westheimer (10), using glucose labeled with C' in carbon 1, showed that 
practically all of the label appeared in the methy]! groups of lactate and alco- 
hol, respectively, as predicted by the Embden-Meyerhof scheme. In both 
cases, ‘‘randomization” occurred to a small extent, about 3 per cent of the 
label appearing in the carboxy] group of lactate, or in the carbon dioxide, in 
the case of alcoholic fermentation. Gibbs et al. conclude that a symmetrical 
three-carbon compound (e.g., free dihydroxyacetone or dihydroxyacetone 
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diphosphate) must be formed to some extent. Koshland & Westheimer sug- 
gest, in addition to the above, the possibility of a randomization in dihy- 
droxyacetone phosphate by intramolecular transfer of the phosphate group. 

It appears to the reviewers that the symmetrical molecule responsible for 
randomization might be glycerol, since, according to Genevois (11), a 
glycerol-pyruvic acid dismutation from triose occurs quite generally in the 
early stages of alcoholic fermentation by intact cells. However, perhaps 
glycerol, like citrate, is no longer to be considered as a symmetrical molecule. 
Genevois has been able to show that the amount of glycerol (g) formed in 
such fermentations bears almost the theoretical mathematical relationship 
to the amounts of other secondary fermentation products arising from py- 
ruvate [acetaldehyde (h), acetic acid (a), acetylmethylcarbinol (m), butylene 
glycol (b), and succinic acid (s)]: g=2a+b+2m+5s+h. 

The reversal of glycolysis and gluconeogenesis—The reversal of glycolysis 
represents the final pathway in the synthesis of carbohydrate from non- 
carbohydrate sources. In those cells which are capable of converting amino 
acids or fatty acids of the odd-numbered carbon series to pyruvic acid, 
gluconeogenesis will occur, provided that sufficient energy is furnished by 
oxidative processes. The glycolytic cycle appears to be 100 per cent efficient 
in the utilization of 4 molecules of ATP for the synthesis of 1 molecule of 
glucose, whereas it is only 50 per cent efficient in the synthesis of 2 molecules 
of ATP per molecule of glucose degraded. Evidence that gluconeogenesis 
can occur in the kidney, thereby providing blood glucose in the eviscerated 
animal, has been presented by Drury & MacKay (12). 

The conversion of lactate to liver glycogen in the intact rat has been 
studied in a thorough manner by Lorber et al. (13), by feeding lactate labeled 
with C5 in the a or B-carbon, or doubly labeled with C' and C" in the a and 
B-carbons, and determining the distribution of the label in the lactate formed 
on bacterial fermentation of the glucose derived from liver glycogen. It was 
found that almost complete randomization occurred between the a and 8 
positions (1, 6, and 2,5 carbons of glucose), and that considerable label also 
appeared in the carboxyl group (3,4 carbons of glucose). The degree of 
randomization occurring during the bacterial fermentation, as mentioned 
above, would not contribute significantly to the results found here. 

Earlier experiments had shown that feeding lactate labeled with C* in 
the carboxyl group yielded glucose labeled solely in the 3 and 4 positions, as 
predicted by the E-M scheme. The new experiments do not in any way 
vitiate this scheme, but simply illustrate the extent to which randomization 
occurs, as a result of the oxidative processes which are esssential for carbo- 
hydrate synthesis. The results indicate that less than one sixth of the fed 
lactate is converted to glycogen without randomization. Similar results have 
been obtained by Topper & Hastings (14) in studies with liver slices, and 
have been interpreted in terms of a reversible conversion of pyruvate to sym- 
metrical succinate by carbon dioxide fixation and reduction. Lorber et al. 
point out that this mechanism would not be sufficient to explain the large 
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amounts of label from a or B-labeled lactate in the 3, 4 positions of glucose, 
in view of the low concentration of label in the respiratory carbon dioxide. 
They point out further that the oxidation of a- or B-labeled pyruvate, via the 
citric acid cycle, would lead to new pyruvate labeled in all positions, and 
suggest that this oxidative pathway is an important factor in bringing about 
the observed randomization. 

Lorber et al. (15) have, in addition, investigated glycogen formation from 
propionate using similar techniques. In this case, it was found, in contrast to 
the lactate experiments, that randomization between a and 8 carbons was 
complete, indicating that none of the administered propionate was converted 
to carbohydrate without prior randomization. The authors suggest that 
either (a) propionate conversion to pyruvate involves intermediate formation 
of succinate by carbon dioxide fixation, followed by oxidation to form py- 
ruvate, resulting in complete randomization of a and B-carbons, or (b) pro- 
pionate is oxidized directly to pyruvate by relatively slow nonrandomizing 
reactions, but that one of the intermediates in this oxidation can enter more 
rapidly than pyruvate into carbon dioxide fixation, and subsequent ran- 
domizing reactions. 

According to a preliminary report of Huennekens & Mahler (16), propio- 
nate oxidation occurs directly by the following tentative pathway: 

propionate — acrylate — L-lactate — D-lactate — pyruvate. 


All the suggested intermediates are reported to be oxidized at a rate com- 
parable with propionate in a washed particulate preparation from liver. The 
system requires the addition of the soluble fraction of liver, which is believed 
to supply an “‘a-hydroxyacid racemase”’ (17), and requires also the simul- 
taneous oxidation of a member of the Krebs citric acid cycle. This type of 
racemase activity appears to be much more complex in its requirements than 
the amino acid racemase described by Wood & Gunsalus (18). 


METABOLISM OF POLY- AND D1-SACCHARIDES 


Phosphorylase.—It has been established in the Cori laboratory that the 
action of phosphorylase consists in a lengthening of the 1,4-glycosidic chains 
of a “‘primer”’ polysaccharide, by stepwise condensation with glucose-1-phos- 
phate at the end groups. The structural requirements for priming vary with 
the enzyme source. Cori & Swanson (19) had shown that straight 1,4-glyco- 
sidic chains containing as few as 5 or 6 glucose units would serve as primers 
for the potato enzyme. Now, Wild & French (20) report that even a 4-unit 
chain has full primer activity, while the 3-unit chain has greatly reduced 
activity. The muscle enzyme cannot be primed by straight amylose chains 
of any length, requiring a large branched structure, the minimal size of which 
has been shown by Hestrin (21), to correspond to that of the ‘‘phosphorylase 
limit dextrin,” resulting from maximal cleavage of the outer chains of glyco- 
gen by phosphorylase. Slight further degradation of this limit dextrin by 
8-amylase, which causes on the average a removal of only two more maltose 
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units per branch point, results in a ‘‘8-amylase limit dextrin” which is com- 
pletely ineffective as a primer. 

The prosthetic group of phosphorylase a, that form of the enzyme which 
is active without the addition of adenylic acid, remains unknown. Cori & 
Green showed in 1943 (22), that phosphorylase a is converted to b, which re- 
quires adenylic acid for activity, by the action of certain tissue enzymes, as 
well. as by trypsin. It is now reported by Ting (23) that this conversion is also 
brought about by blood tryptase (fibrinolysin). 

A 1,000-fold purification of jackbean phosphorylase has been described 
by Sumner, Chou & Bever (24), and the product, which is active without 
added adenylic acid, is reported to contain bound FAD (4 yg. per gm.). 
However, since pure flavoproteins can contain as much as 10 mg. of FAD per 
gm., a contamination of the phosphorylase preparation to the extent of only 
one part in 25,000 would explain the observed results. Furthermore, since no 
specific activity measurements are presented, no correlation is established 
between phosphorylase activity and FAD content. 

Several reports have appeared on the occurrence and concentration of 
phosphorylase in different sources. The enzyme is present in somewhat higher 
concentration in striated muscle than in heart muscle (25). The glycogen 
breakdown in white blood cells appears to be largely mediated by phosphory- 
lase (26). The presence of phosphorylase has been demonstrated by Lwoff 
etal. (27), in a particulate fraction from Polytomella coeca, a flagellate contain- 
ing no chlorophyll, which cannot utilize mono- or disaccharides, but readily 
forms starch when grown on acetate or ethanol. The failure to form starch 
from sugars is attributed to a lack of either hexokinase or phosphoglucomu- 
tase. However, the latter enzyme must be present to account for starch 
synthesis from acetate or alcohol. 

The failure to detect phosphorylase in barley extracts is due to an inter- 
esting inhibition of phosphorylase by B-amylase, through an as yet unex- 
plained mechanism (28). 

By developing a technique which makes possible measurements of gly- 
cogen content and calcifying power in the same area of a cartilage slice, 
Marks & Shorr (29) have shown that the two are correlated. Removal of the 
glycogen by amylase abolishes calcification, and addition of glucose-l-phos- 
phate restores calcification, suggesting that phosphorylase plays a role in 
this process. The effect of other phosphate esters, however, was not reported. 

Amylo-1,6-glucosidase.—As mentioned above, the action of pure muscle 
phosphorylase on branched polysaccharides to form glucose-1-phosphate 
comes to a stop when the outer chains have been degraded to a point where 
only two maltose units (cleavable by B-amylase) remain distal to each branch 
point. Cori & Larner (30) have shown that a second enzyme occurs in muscle, 
which, acting together with phosphorylase, causes a complete breakdown of 
the polysaccharide to a mixture of glucose-1-phosphate and free glucose, the 
ratio, free glucose: glucose-1-phosphate, depending on the degree of branch- 
ing in the substrate. Apparently, phosphorylase alone acts very completely 
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on those outer chains which terminate in a 1,6-linkage at the branching unit, 
cleaving every 1,4-linkage in the chain, while it acts very incompletely on 
those outer chains which terminate in a 1,4-linkage at the branching unit, 
leaving the equivalent of 2 maltose units (4 or 5 glucose units) unattacked. 
The action of the 1,6-glucosidase at one outer branch point of the phos- 
phorylase limit dextrin may then be pictured as follows: 


fe) 


1,6 
0 
HO Oo oO -O Oo 
1,4 1,4 1,4 1,4 a4 


The removal of the 1,6-linkage permits the phosphorylase to resume its 
action on the 1,4-chains. The authors point out that the old observation of 
the Coris, that some free glucose is liberated from glycogen during vigorous 
muscular contraction, can now be understood in terms of the above mecha- 
nism. 

Hobson, Whelan & Peat (31) have observed a similar debranching en- 
zyme (‘‘R”’ enzyme) in bean and potato extracts, which acts on branched 
polysaccharides to render them more completely cleavable by B-amylase. 
This enzyme appears to differ from the amylo-1,6-glucosidase of muscle, in 
that it can apparently break the 1,6-linkages in intact polysaccharides, as 
well as in limit dextrins, so that the product of its action is not necessarily 
free glucose. The enzyme does not attack the 1,6-linkages in isomaltose or in 
bacterial dextrans. 

Neither the muscle nor the plant debranching enzyme is concerned in the 
synthesis of branched polysaccharides. 

Amylases.—The action of B-amylase is generally regarded as consisting 
in a stepwise cleavage of maltose units from the nonreducing end of 1,4-gly- 
cosidic chains, resulting in complete cleavage of amylose to maltose, and in 
cleavage of the outer chains of amylopectin up to the branching units. How- 
ever, Thomas, Whelan & Peat (32) have discovered that highly purified 
B-amylases from soy bean or sweet potato will cleave amylose only 70 per 
cent, unless supplemented with a ‘‘Z enzyme’”’ isolated from cruder soy bean 
preparations. 

Hopkins & Jha (33) have compared the kinetics of hydrolysis of amylo- 
pectin and amylose by B-amylase. They show that at saturating substrate 
concentrations, amylopectin is hydrolyzed 2.8 times as fast as amylose. 
Since they find the affinity for amylopectin (Ky =0.165 per cent) to be 
greater than for amylose (Ky; =0.32 per cent), it follows from the Haldane 
formula, vi/ve= Vi/V2X K2Ki, that when both substrates are present in equal 








co! 


tin 
fro 
am 
col 


rid 
an 
tio 
dis. 
sac 
cal 
lin! 
dis. 
or « 
of § 
kn¢ 
of « 
anc 


rec 


for: 
not 
tai 
ena 
lati 


pol 
by 

of | 
acc 


dis 


link 
tai 


bee 


org 
hay 
sid 
in ¢ 
spe 





nit, 
on 
nit, 


10S- 


. its 
n of 
rous 
cha- 


‘hed 
ase. 
e, in 
3, as 
trily 
or in 


| the 


ting 
gly- 
id in 
low- 
ified 
) per 
bean 


1ylo- 
trate 
lose. 
o be 
dane 
qual 





CARBOHYDRATE METABOLISM 519 


concentrations, amylopectin should be split 5.4 times as fast as amylose. 
One would, therefore, expect that if starch consists of a mixture of amylopec- 
tin and amylose in the ratio of nearly 4 to 1, 8-amylase should release maltose 
from the amylopectin fraction of starch 20 times as rapidly as from the 
amylose fraction. Since this expected value was found, the view that these 
components exist as such in starch is confirmed. 

Synthetic reactions involving disaccharides —The formation of disaccha- 
rides from monosaccharides, with the elimination of water, does not occur to 
an appreciable extent in aqueous media, because the high water concentra- 
tion forces the reaction in the direction of hydrolysis. The formation of 
disaccharides from glucose-1-phosphate, plus any one of a number of mono- 
saccharides, with the elimination of phosphate can take place readily, be- 
cause of the relatively low free phosphate concentration. Once a glycoside 
linkage has been formed at the expense of ‘“‘phosphate bond energy,” the 
disaccharide can serve as the substrate for the synthesis of polysaccharides, 
or of other disaccharides, but it should be emphasized that the total number 
of glycoside linkages remains unchanged in such reactions, and that the only 
known mechanism for generating additional glycoside linkages is by means 
of energy supplied through phosphorylation of sugars. This general subject, 
and the important concept of a covalent glucose-enzyme compound which 
serves as intermediate in many of the above reactions, has been reviewed 
recently by Hassid & Doudoroff (34). 

The experiments of Malpress & Morrison (35) show that lactose can be 
formed in guinea pig mammary gland slices from glucose or glycogen, but 
not from lactate or maltose. Davidson & Reithel (36) report success in ob- 
taining lactose synthesis from glucose in guinea pig mammary gland homog- 
enates, and note a correlation between lactose synthesizing and phosphory- 
lating power of the homogenates. 

The possibility that sucrose may be a more or less direct precursor of the 
polysaccharides (celluloses and pectins) in the cell walls of plants is suggested 
by the finding of Christiansen & Thimann (37) that the increased deposition 
of cell wall polysaccharides in stem tissues under the influence of auxin is 
accompanied by an increased disappearance of sucrose, with no change in the 
disappearance of reducing sugars. 

Glycosidases.—An interesting conversion of maltose, containing the 1,4- 
linkage, to an unfermentable compound which appears to be isomaltose, con- 
taining the 1,6-linkage, occurs to a small extent during the cleavage of 
maltose to glucose in Aspergillus niger culture filtrates (38). Isomaltose had 
been isolated earlier as a product of the action of taka-amylase on starch (39). 

Several reports have appeared on the adaptive enzymes formed in micro- 
organisms in response to the addition of glucosides. Hestrin & Lindegren (40) 
have shown that a certain strain of yeast, when exposed to a-methyl gluco- 
side or sucrose, responds with the formation of adaptive glycosidases, which, 
in contrast to the common yeast glycosidases, are highly specific for the re- 
spective inducing substrates. The a-methyl glucosidase, which also attacks 
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a-phenyl glucoside, but none of the common oligosaccharides, did not appear 
in response to maltose or other oligosaccharides. Spiegelman et al. (41), using 
a different yeast strain, finds that adaptation to maltose results in the ap- 
pearance of two extractable and separable glycosidases, one attacking only 
a-methyl glucoside, and the other attacking only maltose and a-pheny| 
glycoside. It is remarkable that adaptation to maltose should lead to forma- 
tion of a glycosidase incapable of attacking maltose, and also remarkable that 
the intact adapted cell, though containing an extractable a-methyl glucosi- 
dase, is unable to attack a-methyl glucoside. The latter phenomenon also 
occurs with the adaptive sucrase of Hestrin & Lindegren (40), which is not 
demonstrable with the intact adapted cells, but appears when the cell is 
destroyed. One possible conclusion is that induction of an adaptive enzyme 
by a substrate does not necessarily require metabolism of that substrate. 
Extracts from lactose-adapted Escherichia coli contain a lactase which is 
not detectable by ordinary tests in extracts of non-adapted cells. However, 
Lederberg (42), by means of a sensitive colorimetric test for lactase, based 
on the use of o-nitrophenyl-6-d-galactoside as substrate, has been able to 
detect lactase in extracts of non-adapted cells. This finding demonstrates 
that, in this case at least, adaptive enzyme formation involves simply an 
increase in concentration of an enzyme originally present in small amounts. 


INTERCONVERSION OF HEXOSES 


Mechanism of hexose phosphorylation.—At least four mechanisms exist 
for the enzymatic formation of hexose phosphates. Among these, the two 
mechanisms most likely to operate under physiological conditions are (a) the 
introduction of inorganic phosphate by phosphorolysis of glycosidic linkages, 
catalyzed by specific phosphorylases, and (b) the transfer of phosphate from 
ATP to hexoses, catalyzed by various specific hexokinases. The latter is the 
primary mechanism, the former being dependent upon it for a supply of 
glycosidic linkages. 

In addition, there are two mechanisms catalyzed by nonspecific phos- 
phatases. One of these involves simply a reaction of inorganic phosphate 
with sugars (or other alcohols), by a reversal of phosphatase action, and 
occurs very slowly, even at extremely high sugar and phosphate concentra- 
tions. The other involves the Axelrod reaction, originally described as a trans- 
fer of phosphate from an ary! phosphate donor to a simple alcohol acceptor. 
Meyerhof & Green (43), using polyalcohols (biological sugars or glycerol) as 
acceptors, with physiological donors, have shown that these acceptors, once 
phosphorylated, are hydrolyzed again so much more rapidly than the simple 
alcohol phosphates, that no accumulation of the sugar phosphate can be 
demonstrated chemically, unless one works at such high concentrations of 
acceptor and inorganic phosphate that the phosphatase equilibrium is being 
approached in the direction of synthesis from inorganic phosphate. Under 
these conditions, it can be shown that the rate of accumulation of phosphory- 
lated sugar, due to the simple reversal of phosphatase, is increased from two 
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to seven-fold, by addition of phosphate donors, the effectiveness of the donor 
increasing with increasing ‘‘energy content”’ of its phosphate bond (phospho- 
pyruvate> phosphocreatine> glucose-1-phosphate). That this increase is 
largely due to transphosphorylation, rather than to an increased rate of re- 
versal of phosphatase, has been proven by isotope experiments. The trans- 
phosphorylation can also be demonstrated with isotopes under conditions 
where the phosphatase equilibrium is being approached in the direction of 
hydrolysis. 

It is unknown to what extent the phosphatases may be concerned with 
transphosphorylation in the cell. If the remarkable report of Kutscher & Sieg 
(44), that both acid and alkaline phosphatases contain choline pyrophosphate 
as the prosthetic group, proves to be correct, a function of phosphatases in 
reactions other than hydrolytic ones is certainly to be sought. 

Hexokinases.—The reaction of ATP with hexoses in various enzyme prep- 
arations has been studied carefully by Slein, Cori & Cori (45). The crystalline 
yeast hexokinase was found to be very similar in many respects to the enzyme 
present in brain extracts. In both cases, the evidence indicates that a single 
enzyme is responsible for action on fructose, glucose, and mannose, listed in 
order of decreasing rates at saturating substrate concentrations. Studies on 
substrate affinities and competitive inhibition revealed a low affinity for 
fructose, confirming earlier reports of Dixon & Needham (46), for the yeast 
enzyme, and of Meyerhof & Wilson (47), for the brain enzyme. It was dem- 
onstrated that only the 8-fructofuranose form of fructose was attacked, in 
agreement with studies of Gottschalk (48) and Hopkins & Horwood (49), 
which indicated that only this form of fructose is fermentable by yeast. Since 
the product of phosphorylation by either yeast or brain hexokinase is a 
hexose-6-phosphate (45), the fact that B-fructopyranose (containing no hy- 
droxyl group on carbon 6) is not phosphorylated is not surprising. The appar- 
ent low affinity for fructose is thus, at least partially, attributable to the low 
concentration of the active form of the sugar. 

The failure of fructose to relieve insulin convulsions is attributed (45) to 
an inhibition of fructose utilization by low concentrations of glucose. It ap- 
pears more likely that fructose fails, even at zero blood glucose concentra- 
tions, simply because of its low affinity for the brain enzyme. 

Rabbit muscle contains a specific fructokinase, which has no action on 
glucose or mannose, and is not inhibited by these aldoses, even though the 
affinity for fructose is very low. Whether the first product is a fructose-1- or 
fructose-6-phosphate has not been determined, because both of these are 
converted rapidly to fructosediphosphate, apparently by two different 
phosphofructokinases present in the enzyme preparation (45). 

Rat liver homogenates also appear to contain a specific fructokinase, the 
product of the reaction being fructose-1-phosphate (45). The fructose-1- 
phosphate is convertible to glucose, presumably via reactions leading to 
glucose-6-phosphate, followed by hydrolysis by the specific glucose-6- 
phosphatase of liver, which has recently been characterized by Swanson (50), 
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and which is believed to be the final enzyme involved in the formation of 
blood glucose. Vestling & Mylroie (51) have studied fructose utilization in 
respiring rat liver homogenates, and found that the disappearing fructose is 
accounted for partly as glucose, and partly as ‘‘apparent fructose-6-phos- 
phate,’ which, from the properties described, may very well be fructose-1- 
phosphate. The use of the term ‘‘fructokinase’’ by these workers, for a 
respiring liver homogenate in which the limiting factor, in many cases, may 
be the rate of generation of ATP, hardly seems justified. 

Evidence for a specific glucokinase in muscle (45), liver (45), and in a 
mutant of Pseudomonas putrefaciens (52) has been presented, but in no case 
has the possibility been ruled out that activity toward fructose might also 
be demonstrable with these preparations at higher fructose concentrations. 
Furthermore, in no case has it been shown that the “glucokinase’”’ fails to 
act on mannose. The enzyme in the Pseudomonas mutant of Klein & Doudor- 
off (52) is of interest in that it appears only after adaptation to glucose. The 
wild type cells cannot be adapted to glucose and depend on sucrose phos- 
phorylase for the formation of sugar phosphates. 

The specific galactokinase, which occurs in galactose-adapted or lactose- 
fermenting yeast as well as in liver, has been characterized by Trucco et al. 
(53), and shown to be distinct from ordinary hexokinase, the product being 
galactose-1-phosphate. 

Two interesting inhibitors of hexokinase activity have been reported. 
Vishniac (54) finds that inorganic triphosphate inhibits pure yeast hexo- 
kinase by competing with ATP for the required magnesium ions, and sug- 
gests that ATP is concerned in binding magnesium in the hexokinase com- 
plex. He finds further that inorganic triphosphate inhibits the anaerobic, 
but not the aerobic, breakdown of glucose by intact cells. Lardy et al. (55), 
and Mann & Lardy (56), have shown that sorbose-1-phosphate is a specific 
inhibitor of the utilization of glucose or fructose by brain hexokinase. This 
compound is formed in crude cell extracts from the condensation of L- 
glyceraldehyde with dihydroxyacetone phosphate, thus explaining the in- 
hibitory effect of L-glyceraldehyde on those fermentation systems in which 
the hexokinase reaction is rate limiting (57). 

A role of hexokinase in intestinal absorption of sugars is strongly in- 
dicated by the close correlation found by Hele (58), between absorption rates 
and rates of phosphorylation of different sugars in homogenates of rat in- 
testine (galactose> glucose> mannose> xylose). The galactose phosphory- 
lating enzyme is a distinct one, which is more labile than the enzymes attack- 
ing the other sugars. 

Phosphohexomutases.—As mentioned above, Slein, Cori & Cori (45) find 
a conversion of fructose-1-phosphate to glucose-6-phosphate in liver extracts, 
but not in yeast, brain, or muscle. Whether this involves primary conversion 
to glucose-1-phosphate, followed by ordinary phosphoglucomutase action, 
or primary conversion to fructose-6-phosphate by a new mutase, has not 
been determined. 
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Phosphohexoisomerases.—Slein (59) has described the partial purification 
of a 6-phosphomannose isomerase from rabbit muscle, which, acting to- 
gether with Lohmann’s isomerase, establishes the following equilibrium: 
58 per cent glucose-6-phosphate, 25 per cent fructose-6-phosphate, and 17 
per cent mannose-6-phosphate. Lohmann’s isomerase, acting alone, estab- 
lishes the following equilibrium: 70 per cent glucose-6-phosphate and 30 
per cent fructose-6-phosphate. Since the Slein enzyme has not yet been 
separated from the more active Lohmann enzyme, it cannot be decided 
whether the first product formed from mannose-6-phosphate is glucose-6- 
phosphate or fructose-6-phosphate. The action of the Slein enzyme probably 
explains the old observation of W. J. Young that mannose fermentation by 
yeast enzymes is accompanied by an accumulation of fructose-1,6-diphos- 
phate. 

The brilliant work of the Leloir group in elucidating the mechanism of con- 
version of galactose to glucose has continued, with the isolation of the co- 
enzyme for the ‘‘galactowaldenase”’ reaction: galactose-1-phosphate—glu- 
cose-1-phosphate. The identification of this factor as uridine diphosphate 
glucose is described below in the section on COENZYMES. The reversibility 
of galactowaldenase action has not yet been demonstrated. 

It is probable that the failure in the conversion of galactose to glucose in 
infants with idiopathic galactose intolerance is due to a lack of galactokinase 
or galactowaldenase in the liver. In such infants, hy poglucosemic symptoms 
are observed even at high-blood galactose values (60). 


CONVERSION OF HEXOSE TO PENTOSE 


The evidence for the W-L-D pathway of glucose oxidation has rested 
until recently on studies with crude yeast enzymes, which indicated that the 
following series of reactions took place [see Dickens (61)]: 

—2H —2H —CO, 
glucose-6-P ————— gluconic-6-P ——-——> 2-ketogluconic-6-P ————— pentose-P. 


2) 


The main obstacle to the acceptance of this scheme has been the fact 
that decarboxylation of 2-ketogluconic acid-P would lead to arabinose-P, 
rather than to ribose-P. However, the recent work of Cohen & McNair-Scott 
(62) has shown that ribose-5-P can be identified chromatographically among 
the pentose-P compounds which accumulate on oxidation of gluconic-6-P by 
a yeast enzyme system. About 25 per cent of the pentose-P accumulating 
was accounted for as ribose, but about 50 per cent of the pentose-P did not 
correspond to either ribose-5-P or arabinose-5-P. Evidence for the accumula- 
tion of 2-ketogluconic-6-P (and ‘‘possibly” arabinose-P) was also presented. 

Horecker (63), using a partially purified yeast enzyme, showed that the 
following reaction took place quantitatively : 


gluconic-6-P + TPN — pentose-P + TPNH: + COs. 
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Horecker & Smyrniotis (64) showed that 85 per cent of the pentose-P 
formed in this system could be identified unequivocally as ribose-5-P by a 
variety of techniques. The remainder of the pentose-P fraction was shown 
(65) to consist of a ketopentose-P, which was identified as ribulose-5-P, and 
the following scheme was proposed to account for the observed results: 


gluconic-6-P —————> 3-ketogluconic-6-P 
+H:0 


-—CO, 
ribose-5-P =< ribulose-5-P 


The main difficulty in this scheme is the postulation of a primary oxida- 
tion of gluconic-6-P at carbon 3, whereas Cohen & McNair-Scott have 
identified a 2-ketogluconic acid phosphate among their reaction products. 
Whether the method of Cohen and Lanning (66) for 2-ketohexonic acids, 
which differentiates between 2-ketogluconic and 5-ketogluconic acid, would 
also differentiate between the 2- and 3- keto acids is, of course, not known. 
According to Riedl-Tiimové & Bernhauer (67, 68), the oxidation of glucose 
in Acetobacter melanogenum leads to the accumulation of a ketogluconic 
acid which does not correspond to either 2- or 5-ketogluconic acid, the usual 
oxidation products in other strains of acetobacter. 

The oxidation of gluconic acid by Pseudomonas fluorescens leads to the 
accumulation of 2-ketogluconic acid (69). However, this reaction may not 
occur directly, since, according to Cohen & McNair-Scott (70), the oxidation 
of gluconic acid by E. coli involves prior phosphorylation, according to the 
reaction: ATP+gluconate—gluconate-6-P-++-ADP. The enzyme “glucono- 
kinase” catalyzing this reaction appears in measurable amounts only in 
cells adapted to gluconate. Such cells are not simultaneously adapted to d- 
arabinose, arabonate, 2-ketogluconate, or 5-ketogluconate, but this does not 
rule out the possibility that these substances, in their phosphorylated forms, 
might be intermediates in gluconate oxidation. 

The finding of Horecker (63), that an enzyme for the oxidation of 
gluconic-6-P occurs not only in yeast, but also in liver, brain, heart, and red 
cells, indicates that the W-L-D pathway may be of importance in animal 
tissue metabolism. This view is supported by the work of Rapport et al. (71), 
who find that the addition of hexoses or hexosephosphates to respiring kidney 
homogenates causes an increase in the content of acid-soluble alkali-resistant 
pentoses (nucleoside and nucleotide pentose). Furthermore, Stetten & 
Stetten (72) have shown, by means of uniformly labeled gluconic acid, that 
this compound is metabolized by the rat, some of the label appearing in the 
glycogen and nucleic acid fractions. 


METABOLISM OF PENTOSES AND NUCLEOSIDES 


Purine nucleoside phosphorylases—The fundamental discovery of 
Kalckar, that purine ribosides can undergo reversible phosphorolysis to form 
the free purine and ribose-1-phosphate, gave the first insight into the 
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mechanism of synthesis of nucleic acids. This work has been extended by the 
observation of Manson & Lampen (73), that a similar reaction occurs with 
purine desoxyribosides. According to Friedkin & Kalckar (74), a single 
enzyme in liver catalyzes both reactions. Desoxyribose-1-phosphate has 
been identified as the primary product of the reaction by these workers, and 
has been isolated by Friedkin (75) as a crystalline cyclohexylamine salt. It 
is the most acid-labile phosphorus compound isolated to date (50 per cent 
hydrolysis in 15 min. at pH 4 at 25° C.). According to Hoff-Jgrgensen e¢ al. 
(76), the only purines which condense with desoxyribose-1-phosphate (or 
ribose-1-phosphate) in the presence of the liver enzyme are guanine and 
hypoxanthine, but Friedkin (77) has since demonstrated the reaction with 
xanthine. The guanine and hypoxanthine desoxyribosides formed have been 
identified microbiologically by Hoff-J¢rgensen et al. (76). 

The failure of this enzyme to convert adenine to the corresponding 
nucleoside, and the readiness with which it converts guanine, hypoxanthine 
or xanthine to the nucleoside, are facts which are difficult to reconcile with 
the results of intact animal experiments, which show in general that adenine 
is the only free base which is readily incorporated into nucleic acids. This 
puzzling situation has been discussed by Kalckar (78), who suggests, sur- 
prisingly enough, that his enzyme may play no role in nucleic acid synthesis, 
and proposes that adenine incorporation may involve the following type of 
enzymatic exchange reaction: adenine+hypoxanthine —riboside@adenine 
—riboside + hypoxanthine. However, the important discovery of Wang (79), 
that an enzyme exists in extracts of Lactobacillus pentosus, which can bring 
about the direct phosphorolysis of adenosine without prior deamination, 
should stimulate the search for a similar enzyme in animal tissues. It is not 
known whether the bacterial purine nucleoside phosphorylase for adenine is 
distinct from that which acts on guanine, hypoxanthine, and xanthine, since 
all were acted on in Wang’s experiments. 

Pyrimidine nucleoside phosphorylase—Manson & Lampen (80) showed, 
in confirmation of early work of W. Klein, that the splitting of pyrimidine 
and purine nucleosides in animal tissues is effected by different enzymes, and 
presented evidence that the cleavage of thyminedesoxyriboside with animal 
or bacterial enzymes involved phosphorolysis (81). Paege & Schlenk (82) 
have shown that of the two natural pyrimidine ribosides, only uridine under- 
goes phosphorolysis in various bacterial extracts, whereas cytidine undergoes 
deamination to uridine, prior to phesphorolysis, a situation quite analogous 
to the adenosine-inosine relationship in the case of purine nucleoside phos- 
phorylase. In extracts of L. pentosus, however, cytidine, like adenosine, can 
undergo direct phosphorolysis without prior deamination (79). These ex- 
tracts attack pyrimidine nucleosides more rapidly than purine nucleosides, 
and possibly separate enzymes are involved, as in animal tissues. 

Phosphopentomutases.—The pentose-1-phosphates, which are formed as 
the first products of nucleoside phosphorolysis, appear to be converted to the 
corresponding pentose-5-phosphates before being further metabolized. This 
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has been established for the desoxyribose phosphates by Manson & Lampen 
(73), who isolated desoxyribose-5-phosphate as a product of the phosphoro- 
lysis of hy poxanthine-desoxyriboside in animal tissue extracts. A similar re- 
action appears to occur with the ribose phosphates, according to Schlenk 
(83), but is more difficult to demonstrate because of the rapidity with which 
ribose-5-phosphate is further metabolized. 

Non-oxidative degradation of pentose-5-phosphates by ‘‘phosphoriboaldo- 
lases.’’—Dische (84) was the first to show that the metabolism of adenosine 
led to the accumulation of hexose phosphates. He postulated a cleavage of 
ribose phosphate to triose phosphate plus a 2-carbon compound (glycol 
aldehyde?), followed by condensation of two triose phosphates to hexose 
phosphate. Similar results were obtained later by Schlenk (83), and most 
recently by Canzanelli et al. (85). Racker (86) showed that a purified enzyme 
from E. coli catalyzed the breakdown of ribose-5-phosphate to triose phos- 
phate (presumably phosphoglyceraldehyde), thus confirming the Dische 
hypothesis. This reaction, catalyzed by the bacterial phosphoriboaldolase, 
has not yet been shown to be reversible. 

According to Manson & Lampen (81), desoxyribose-5-phosphate is not 
further degraded by extracts of animal tissues or of E. coli, but they have 
presented evidence that it is degraded readily in whole E. coli cells. Racker 
(87), however, has recently obtained a purified enzyme from E. coli, which 
catalyzes the following reversible reaction: 


desoxyribose-5-phosphate <* 3-phosphoglyceraldehyde + acetaldehyde. 


By combining this ‘‘phosphodesoxyriboaldolase’’ with a purified ‘phospho- 

riboaldolase”’ from yeast, he has been able to demonstrate the long-sought 

conversion of ribose to desoxyribose: 
(2 enzymes) 

ribose-5-phosphate + acetaldehyde —-———_———> 

desoxyribose-5-phosphate + (glycolaldehyde) 

The possibility that other mechanisms may exist for this conversion is 
suggested by the experiments of Hammarsten et al. (88), who have shown 
that when N!5 cytosine-riboside is administered to rats, the N!® is incorpo- 
rated into desoxyribonucleic acid. Since free cytosine is not incorporated into 
nucleic acids, it appears that cytosine-riboside may have been converted to 
cytosine-desoxyriboside, without liberation of the free base. 

Oxidative degradation of pentose phosphates.—According to Dickens (61), 
ribose-5-phosphate can undergo oxidation by yeast enzymes to form 5-phos- 
phoribonic acid, which may, by oxidative decarboxylation, yield erythrose-4- 
phosphate, which in turn would yield glyceraldehyde-3-phosphate through 
repetition of this sequence. In the light of the new knowledge that ribose 
phosphate can yield triose phosphate through the Racker riboaldolase reac- 
tion, the rather skimpy evidence for the oxidative breakdown of ribose- 
phosphate will have to be reexamined, before it can be accepted. 
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Bernhauer & Riedl-Timova (89) find that various strains of acetobacter 
can oxidize pentoses to the corresponding pentonic acids, but could find no 
evidence for the further oxidation to ketopentonic acids, although the same 
organisms readily form ketohexonic acids from hexoses. 

Metabolism of free pentoses.—In all cases, the first step in the metabolism 
of pentose is probably a phosphorylation by ATP, catalyzed by a ‘“‘pento- 
kinase’’ (90). The phosphorylation of xylose by ATP in rat intestine homog- 
enates has been reported by Hele (58), the rate relative to hexose phos- 
phorylation corresponding to the relative rates of intestinal absorption. 

There are thus at least four mechanisms for the biological formation of 
pentose phosphates: (a) from pentoses, by phosphorylation, (b) from hexose 
phosphates, by oxidation, (c) from triose phosphate, plus 2-carbon com- 
pounds, by aldol condensation, and (d) from nucleosides, by phosphorolysis. 


METABOLISM OF TRIOSES 


Phosphofructoaldolase—Triose phosphates can be formed by the action 
of specific aldolases on pentose phosphates, or on hexosephosphates. Condi- 
tions for the assay of the aldolase which acts on fructose-1,6-diphosphate 
have been reinvestigated by Dounce et al. (91), who claim that the enzyme 
also acts on fructose-6-phosphate. The aldolase of Clostridium perfringens 
has been shown by Bard & Gunsalus (92) to be a metalloenzyme requiring 
ferrous iron for activity. Glycolysis in this organism can, therefore, be sup- 
pressed by iron binding agents. Warburg & Christian (93) had shown previ- 
ously that the aldolase of yeast, but not of muscle, required divalent iron, 
cobalt, or zinc for activity. 

Phosphoglyceraldehyde dehydrogenase.—The crystalline enzymes from 
yeast and muscle have been compared by Velick & Udenfriend (94) and 
found to be strikingly similar, but not identical, in amino acid composition. 
Both enzymes show a strong affinity for phosphate ions, which explains the 
peculiar fact that they exhibit an acid isoelectric point in phosphate buffers, 
in spite of the predominance of basic amino acids. Rafter & Krebs (95) have 
shown that the protein No. 2 originally crystallized by Kunitz & McDonald 
from yeast is identical with glyceraldehyde phosphate dehydrogenase iso- 
lated by the method of Warburg & Christian. 

The nature of the combination of DPN with the muscle enzyme has been 
studied in an elegant manner by Cori, Velick & Cori (96). The enzyme con- 
tains 1 M of ‘“‘bound’”’ DPN per 50,000 gm. of protein, or 2 molecules of 
DPN per molecule of protein, according to Taylor’s measurements (97), 
which indicate a molecular weight of 118,000. The ‘‘bound’’ DPN is not re- 
moved by dialysis or repeated crystallization, but that it is slightly dis- 
sociable, and not linked to the protein by covalent bonds is indicated by the 
following facts: (a) it can be removed from the protein by charcoal treat- 
ment, and (b) it undergoes rapid exchange with added labeled DPN. The 
dissociation constant has been estimated to be less than 10~* M per |., on the 
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basis of kinetic studies, which showed that the rate of reduction of the 
enzyme—DPN complex by free p-glyceraldehyde, plus arsenate, is directly 
proportional to the concentration of added complex, a result to be expected 
only in the absence of dissociation. Measurements of the dissociation con- 
stant in the usual manner, with small amounts of enzyme and varying con- 
centrations of added DPN, in the presence of D-glyceraldehyde phosphate, 
gave a value of 4X10~5 M per 1. 

The authors, therefore, suggest that there are two different types of 
binding sites for DPN on the enzyme, differing in affinities by a factor of at 
least 400. At site 1, with Ky =10~’, ‘‘bound’”’ DPN undergoes reduction to 
form reduced DPN, which appears to be equally tightly bound. These 
bound forms of DPN and DPNHe¢ can react with lactic dehydrogenase to 
undergo reduction by lactate or oxidation by pyruvate without dissociation, 
which implies a high frequency of fruitful collisions between protein mole- 
cules. At site 2, DPN or DPNHz formed would dissociate off in the conven- 
tional manner before reacting with another dehydrogenase system. 

The authors used p-glyceraldehyde for kinetic studies with high con- 
centrations of enzyme—DPN complex, in order to have rates slow enough to 
permit measurement. They attribute the slow rate to the very low affinity of 
the free triose for the enzyme. However, it seems that the rate would be slow, 
even on saturation with free triose, in view of the fact that Needham et al. 
(98) find a competitive inhibition of DPN reduction when p-glyceraldehyde 
is added in the presence of D-glyceraldehyde phosphate. 

The studies of Rapkine et al. (99) on the ‘‘heat reactivation’’ of aged 
muscle enzyme preparations find their explanation in the well-known de- 
pendence of the activity of this enzyme on sulfhydryl groups, supplied in 
this case by heat denaturation of part of the protein present. The inhibition 
of glycolysis by iodoacetate is usually attributed to reaction of this compound 
with the sulfhydryl groups of glyceraldehyde phosphate dehydrogenase. 
Beevers (100), however, finds that hexosediphosphate fermentation is less 
sensitive to iodoacetate than glucose fermentation, and concludes that a 
step between glucose and hexosediphosphate is extremely iodoacetate sensi- 
tive. While this conclusion may be correct, it is also possible that a partial 
inhibition of the dehydrogenase, by diminishing ATP synthesis, would result 
in decreased glucose fermentation, without affecting hexosediphosphate fer- 
mentation. For an excellent discussion of the rate limiting steps governing the 
over-all process of glycolysis, the review of Ratner & Racker (101) is recom- 
mended. 

Metabolism of methyl glyoxal and related compounds.—Racker (102) and 
Crook & Law (103) have discovered independently the mode of action of the 
glyoxalase enzyme system, which converts methyl glyoxal to pD-lactic acid. 
It had been shown earlier by Hopkins & Morgan (104) that two catalysts 
were involved, one (the ‘‘enzyme’’) bringing about a slow conversion of 
either methyl] or phenyl] glyoxal to the corresponding hydroxy acid, the other 
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(the ‘‘factor’’) speeding the rate of conversion of methyl glyoxal only. It is 
now shown that the “‘enzyme”’ catalyzes the formation of a glutathione- 
glyoxal complex with either the methyl or phenyl derivative. The resulting 
complexes are slowly transformed nonenzymatically to yield the correspond- 
ing hydroxyacids, with regeneration of glutathione. The ‘‘factor’’ is an 
enzyme which specifically speeds the breakdown of the methyl glyoxal- 
glutathione complex only. 

According to Kiessling (8), the function of glyoxalase is to dispose of any 
methyl glyoxal which may arise nonenzymatically from triosephosphates. 
In this way, he explains his finding that the accumulation of triosephos- 
phates during yeast fermentations is paralleled by the appearance of small 
amounts of lactic acid. However, Salem & Crook (105) visualize a more 
physiological role for methyl glyoxal, on the basis of their finding that it 
appears to be convertible to hexosediphosphate in liver homogenates when 
its breakdown to D-lactic acid, via glyoxalase, is blocked. This would ex- 
plain the early observation of Dakin & Dudley that crude glyoxalase prepa- 
rations can give rise to L-lactic (‘‘natural’’) as well as to p-lactic acid. 

Neuberg (106) has indicated another pathway of metabolism of methyl- 
glyoxal, since he finds that it, as well as the related compounds, lactic alde- 
hyde and monohydroxyacetone, is readily reduced to propylene glycol 
(1,2-propanediol) when added to fermenting yeast suspensions. Dihydroxy- 
acetone and DL-glyceraldehyde are neither reduced nor fermented under 
these conditions. 

Rudney (107) finds that when 1,2-propanediol labeled in carbon 1 is 
administered to animals, the label appears in the 3 and 4 positions of the 
glucose derived from liver glycogen. This suggests that L-lactic acid can be 
formed from 1,2-propanediol, since D-lactic acid is not a glycogen precursor. 


METABOLISM OF THREE-CARBON ACIDS 


Diphosphoglycerate mutase—Rapoport & Luebering (108) have investi- 
gated the origin of the Greenwald ester, 2,3-diphosphoglycerate, which oc- 
curs in large amounts in the erythrocytes of certain mammals. They present 
evidence that it can be formed from ATP plus 3-phosphoglycerate by a two- 
step process: 


ATP + 3-phosphoglycerate = ADP + 1,3-diphosphoglycerate — 2,3-diphosphoglycerate 


Two enzymes seem to be required, the widely distributed Biicher enzyme, 
for the first step, and the new mutase for the second step. The new mutase is 
found only in those red cells which contain 2,3-diphosphoglycerate. 

By analogy with results found earlier with other phosphomutases, ac- 
cording to which glucose 1,6-diphosphate is the coenzyme for the reversible 
conversion of glucose-1- to glucose-6-phosphate, and 2,3-diphosphoglycerate 
is the coenzyme for the reversible conversion of 2-, to 3-phosphoglycerate, 
one might expect that the new mutase would require 1,2,3-triphosphoglycer- 
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ate as coenzyme. However, Cori [see (109)] has suggested a simpler mecha- 
nism, in which 3-phosphoglycerate could serve as coenzyme, acting as a phos- 
phate acceptor, rather than as a phosphate donor: 


The new reaction, regardless of mechanism, must be essentially irreversible, 
because it involves a simple change from a 16 cal. to a 3 cal. phosphate bond, 
without any compensating mechanism, such as simultaneous hydration, 
which serves to permit reversibility in the reaction, pyruvate~P+H,0 
—glycerate —P. 

A method for the synthesis of 2,3-diphospho-(pD)-glyceric acid, which 
corresponds to the natural compound in properties, has been described by 


Baer (109). 


Lactic dehydrogenase —Haugaard (110) has reported that a particulate 
preparation from E£. coli can oxidize either D- or L- lactate, whereas after 
acetone treatment, only the p-lactate is oxidized. The results are attributed 
to the presence of two enzyme systems in E. coli, one oxidizing D-lactate and 
the other oxidizing L-lactate, rather than to a lactate ‘“‘racemase.”’ 

The kinetics of the lactic acid oxidizing system in a crude pig heart prep- 
aration have been studied by Socquet & Laidler (111), and an anomalous 
decrease in rate with increasing enzyme or coenzyme concentrations, has 
been described. It would seem desirable to repeat the experiments with pure 
lactic dehydrogenase and a pure coenzyme preparation before attempting an 


cCoo~P._ 


CHOH 


CH,0-P 


interpretation of the results. 


Meister (112) has carried out an interesting study on the specificity of 
crystalline beef heart lactic dehydrogenase. A large series of a-keto- and 
a, y-diketo-acids were found to be reduced at the a-carbon by DPNH,g, in the 
presence of this enzyme. TPNH: reacted 1/100 to 1/400 as fast as DPNH2. 


Generation of active acetate from acetate and from acetyl phosphate.—It has 
become increasingly apparent during the past few years that pyruvate and 
acetate can form a common C, intermediate, which can then react with 
oxaloacetate to form citrate, or with itself to form acetoacetate. Not only 
pyruvate and acetate, but also the oxidation products of fatty acids are con- 


verted to this active C, fragment. 


Investigations during the past year have indicated that this active C; 
compound is intimately concerned with coenzyme A. Stern & Ochoa (113) 
showed that a pigeon liver preparation would form citrate from oxaloacetate 
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and acetate in the presence of ATP and coenzyme A. However, monoacetyl 
phosphate was not active in such a reaction. Novelli & Lipmann (114) made 
the important observation that acetyl phosphate and oxaloacetate in the 
presence of coenzyme A in an E. coli preparation formed citrate. This same 
preparation, however, condensed acetate with oxaloacetate very slowly in the 
presence of coenzyme A and ATP, a reaction which takes place rapidly in 
the pigeon liver. 

An enzyme has been found in extracts of Clostridium kluyveri, Clostridium 
butylicum, and E. coli, which will promote the arsenolysis of acetyl phosphate 
into acetate and inorganic phosphate (115). This arsenolysis reaction has 
been found to be coenzyme A-dependent, and the enzyme is present in very 
high concentrations in extracts of C. kluwyveri (116). The enzyme which causes 
the arsenolysis also catalyses the exchange of radioactive inorganic phos- 
phate with acetyl phosphate (115). It has been shown that this bacterial 
enzyme can induce the transfer of acetyl groups from acetyl phosphate, and 
the enzyme is now usually referred to as transacetylase (116). 

Chou ef al. (117) have been able to separate the citrate synthesizing func- 
tion of pigeon liver into two fractions: (a) a fraction which carries out the 
activation of acetate by ATP, and (0) a fraction which condenses oxaloace- 
tate with the activated acetate formed in reaction (a) to yield citrate. Acety] 
phosphate is inactive as a C, precursor of citrate in the presence of coenzyme 
A. However, when acetyl phosphate is added with the bacterial transacety- 
lase and coenzyme A to fraction (b), a rapid synthesis of citrate ensues (117). 
This, then, suggests that active acetate can be formed by the activation of 
acetate by ATP in the animal system, and from acetyl phosphate in the 
presence of transacetylase in the bacterial preparation. Hence, the synthesis 
of citrate from acetyl phosphate in E. coli, observed by Novelli & Lipmann 
(114), was due to the presence of both the transacetylase and the con- 
densing enzyme. As coenzyme A is essential in both the bacterial transacety- 
lase reaction and in the ATP acetate reaction, it is very likely that an acetyl- 
coenzyme A intermediate is the actual active C2 fragment. However, there 
is no definite evidence as yet that such an intermediate exists, or that it is 
present in free form.‘ The activation of acetyl phosphate has, to date, been 
found only in bacterial systems. 

Generation of active acetate from pyruvate-—Pyruvate has also been found 
to yield active acetate (119, 120, 121). Strecker et al. (122) observed that E. 
coli preparations which cannot carry out the phosphoroclastic split of pyru- 
vate into acetyl phosphate and formate, will still promote a rapid exchange 
of labeled formate with the carboxyl of pyruvate. This occurs despite the 
fact that no pyruvate disappears. Chantrenne & Lipmann (120) have found 
that this formate exchange is coenzyme A-dependent. An acetyl coenzyme A 
complex has been postulated to be the intermediate in the exchange reaction, 
according to the following equation: 


*Lynen & Reichert (118) have recently reported the isolation of an acetyl coen- 
zyme A complex from yeast which can directly acetylate sulfanilamide enzymatically. 
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Pyruvate + coenzyme A < acetyl coenzyme A + formate. 


Further evidence suggesting the possibility of an acetyl coenzyme A inter- 
mediate in this reaction is indicated by the fact that pyruvate in the same 
preparation will give rise to acetyl groups utilizable in the acetylation of 
aromatic amines (120). 

Korkes, Stern, Gunsalus & Ochoa (119) have studied a soluble enzyme 
from E. coli and Streptococcus faecalis, which carries out the following dis- 
mutation reaction in the presence of lactic dehydrogenase: 

2 pyruvate + phosphate — acetyl phosphate + CO, + lactate. 


This system requires a number of cofactors, namely, DPN, coenzyme A, 
Mgt or Mn*", cocarboxylase, and an undetermined factor in yeast extract. 
In the presence of phosphate, acetyl phosphate is formed from pyruvate. 
However, in the absence of phosphate, but in the presence of oxaloacetate 
and the condensing enzyme from pig heart, which condenses oxaloacetate 
with active acetate, citrate is formed. This indicates that acetyl coenzyme A 
is generated in this dismutation reaction; the reaction forming citrate can be 
pictured taking place through the following series of reactions: 
thiamine 


1 
(2) Pyruvate + coenzyme A + DPN-—————> 2Cly" 4 +. DPNH: + CO 
' : pyrophosphate ©°Cnzyme 2 4 


condensing 
(6) Acetyl coenzyme A + oxaloacetate 





citrate + coenzyme A 
enzyme 


lactic 
(c) Pyruvate + DPNH, 





lactate + DPN 
dehydrogenase 
Net reaction: 


DPN, coenzyme A ‘ 
2 pyruvate ++ oxaloacetate ——— — citrate + CO, + lactate 
thiamine pyrophosphate 





The above system of Korkes et al. (119) closely parallels the formate ex- 
change reaction in E. coli, in that in the absence of inorganic phosphate, 
pyruvate can yield active acetate in the presence of coenzyme A. 

Jagannathan & Schweet (121) have solubilized and purified a pyruvic 
oxidase from pigeon breast muscle. This enzyme will reduce chlorophenol- 
indophenol, ferricyanide or O2, and yields carbon dioxide and acetate. Mag- 
nesium, cocarboxylase, and other cofactors are essential for the activity. This 
pyruvate oxidase also possesses the properties of generating active acetate 
during pyruvate oxidation. Korkes & Ochoa (123) have also isolated a solu- 
ble enzyme from animal tissue, which, in the presence of coenzyme A and the 
condensing system, will form citrate in a manner quite analogous to the bac- 
terial reactions described above. In summary, it is evident that pyruvate, as 
well as acetyl phosphate and acetate, can form the acetyl coenzyme A com- 
plex which can serve as the C, precursor for citrate formation. 


THE CONDENSING ENZYME (CITRATE FORMATION FROM ACTIVE ACETATE) 


Properties and distribution of condensing enzyme.—The condensing en- 
zyme, recently crystallized from pig heart in Ochoa’s laboratory, has been 
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studied by Stern, Shapiro & Ochoa (124). With this crystalline preparation 
and the bacterial transacetylase in the presence of oxaloacetate, acetyl 
phosphate could be stoichiometrically converted into citrate. The condensing 
enzyme is present in large amounts in yeast, and in a number of animal tis- 
sues, i.e., skeletal muscle, heart, liver, kidney, and brain (124, 125). The 
enzyme is also present in bacteria (Azotobacter agites, E. coli, Mycobacterium 
tuberculosis) (125). 

In contrast to the wide distribution of the condensing enzyme in animal 
tissues, it has been difficult to detect the activation of acetate by ATP in 
extracts, except that of pigeon liver (113, 117). However, there is some 
indication that synthesis of citrate from ATP, acetate, and oxaloacetate 
takes place in rabbit kidney homogenates (126, 127), and in a brain prepara- 
tion (128). Novelli & Lipmann (114) have demonstrated the synthesis of 
citrate from ATP, acetate, and oxaloacetate in yeast. Elliott & Kalnitsky 
(126) report that pantothenic acid stimulates acetate oxidation in kidney 
cortex homogenates and that coenzyme A stimulates citrate formation from 
oxaloacetate and acetate in acetone powder extracts of rabbit liver. 

In tissue homogenates and in liver slices, malonate appears to be an 
inhibitor of citrate synthesis (129, 130). Under these conditions, pyruvate 
and acetate are usually converted to acetoacetate. As yet the effect of 
malonate on the purified condensing enzyme has not been determined. 

Reversibility of condensing reaction—Stern, Shapiro & Ochoa (124), 
using isotopic citrate, were able to obtain evidence for the reversibility 
of the reaction with the purified condensing enzyme. With a cruder enzyme 
from pigeon liver, Lorber et al. (131) were unable to detect the formation 
of labeled oxaloacetate from labeled citrate. Persky & Barrén (128) claim 
to have demonstrated the reversibility of the reaction in brain prepara- 
tions: Citrateoxaloacetate+active acetate. 

The primary condensation product in the citric acid cycle>—Stern & Ochoa’s 
finding (113) that citric acid is formed as the immediate product of the 
C,;+(C, condensation in the absence of aconitase, experimentally verified 
the Ogston hypothesis (132) of the enzymatic asymmetry of the citric acid 
molecule. Lorber et al. (131) have synthesized isotopic citric acid with 
B-carboxy] labeled oxaloacetate and acetate with pigeon liver extract. This 
labeled citrate was degraded to a-ketoglutarate and the activity was found 
exclusively in the a-carboxyl. Further degradation of the ketoglutarate to 
succinate showed no isotope in the succinate molecule. These experiments 
further verify Ogston’s hypothesis. Wilcox, Heidelberger & Potter (133) 
have chemically prepared isotopic citric acid by the following reaction: 


NaC4N 
Cl- CH;- C(OH) - CH,- COOH — HOOC": CH,- C(OH) -CH:: COOH 


COOH COOH 





This compound, when degraded enzymatically to a-ketoglutarate and 
then chemically to succinate and carbon dioxide, gave active succinate 
containing over 99 per cent of the label. From this data, it is quite conclusive 
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that the two acetic acid moieties of citrate act differently in their behaviour 
to aconitase. Other evidence has been obtained, which indicates that citrate 
is the primary condensation product in the Krebs Cycle (134, 135). 

Coxon & Peters (136) have ruled out a 7-carbon substance as a condensa- 
tion product of pyruvate and oxaloacetate in pigeon brain, and conclude 
that pyruvate must be degraded to a C. compound before entering the cycle. 
These authors concede that citrate is the immediate condensation product 
in liver, but suggest that aconitate may be the intermediate in brain, as it is 
oxidized faster than citrate. 


ACONITASE 


Buchanan & Anfinsen (137) have previously purified aconitase, and have 
indicated that only one enzyme is involved in the transformation of the 
tricarboxylic acids. Dickman & Cloutier (138) have found that the loss of 
aconitase activity in crude heart extracts exposed to air can be restored by 
ferrous ion, and that no other metal can replace this ion in reactivating the 
enzyme. Racker (139) has described a simple spectrophotometric procedure 
for the determination of aconitase activity. 

Fluoroacetate has been shown to cause an accumulation of citrate from 
either pyruvate or acetate (140, 141, 142). This suggests that the inhibitor 
is acting at the aconitase level, and a fluorocitrate-like compound has been 
isolated from homogenates pretreated with the inhibitor (135, 142). This 
compound, however, has not been found by Rudolph & Barrén (127) in 
kidney homogenates during the oxidation of acetate. The fluoro-tricarboxylic 
acid derivative has been found to be a potent inhibitor of citrate oxidation 
in tissue homogenates (135, 142), but does not seem to influence the oxida- 
tion of aconitate (135). However, the fluoro-derivative also has no effect on 
aconitase, isocitric dehydrogenase, or oxalosuccunic decarboxylase activities 
of extracts (142). From this conflicting data, it is as yet difficult to establish 
the exact site of fluoroacetate inhibition of tissue metabolism. 

Potter & Busch (143) have shown that fluoroacetate diverts pyruvate 
metabolism in liver into acetoacetate, and that in this tissue citrate does 
not accumulate. Kidney and other tissues, which have weak acetoacetate 
synthesizing capacities, have been found to accumulate citrate. 

Elliott & Kalnitsky (135) have suggested that since the fluorocitrate-like 
compound inhibits citrate oxidation and not aconitate oxidation, there is a 
possibility that two aconitases may exist. In relation to this possibility, it is 
of interest to mention Racker’s observations (139) that the relative rates 
of formation of aconitate from isocitrate versus citrate varied from 2 to 7.5 
in different fractions from yeast and heart. 


IsociITRic DEHYDROGENASE AND OXALOSUCCINIC DECARBOXYLASE 


Graiflin & Ochoa (144) purified the TPN specific isocitric dehydrogenase 
from pig heart, but no separation from the oxalosuccinic decarboxylase 
activity was obtained. The enzyme is, in many respects, similar to the 
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“malic enzyme” (see below) in its dual activity towards isocitrate and oxalo- 
succinate. 

Oxalosuccinate decarboxylase activity has been determined optically, 
as it has been found that the enzyme catalyzes the condensation of man- 
ganous ion with oxalosuccinate to form a complex which absorbs at 240 mu. 
This band disappears during the decarboxylation of the tricarboxylic acid 
in a manner similar to that found with oxaloacetic decarboxylase (145). 
Isocitrate has been found to inhibit the formation of the metal oxalosuccinate 
complex. 

The reversibility of the oxidative decarboxylation of isocitrate to a-keto- 
glutarate+carbon dioxide, originally demonstrated by Ochoa using glucose- 
6-phosphate as the reducing system, has been shown by Ochoa, Salles & 
Ortiz (146) using malic acid and ‘‘malic enzyme’”’ as the reducing system. 
It has not yet been determined if oxalosuccinate is an obligatory inter- 
mediary of the carbon dioxide fixing reaction, but if the reaction is similar 
to the fixing of carbon dioxide with pyruvate by ‘“‘malic enzyme,” one would 
not expect the keto tricarboxylic acid to be a component of the reaction. 

Kornberg (147) has found two isocitric dehydrogenases in yeast extracts. 
One is TPN specific and the second reacts with only DPN. The TPN system 
is entirely comparable with that of the pig heart isocitric dehydrogenase. 
The DPN enzyme has been purified over 50-fold, and requires catalytic 
amounts of muscle adenylic acid for activity. Azide inhibits the DPN system, 
and not the TPN system. The DPN enzyme also differs from the TPN 
reaction, in that it will not promote the fixation of carbon dioxide with 
a-ketoglutarate. A TPN-specific isocitric dehydrogenase has been found in 
P. fluorescens (148). 


KETOGLUTARATE OXIDASE 


Under anaerobic conditions, a-ketoglutarate has been found to be 
oxidized by ferricyanide in particulate enzyme preparations in absence of 
phosphate or adenylic acid (149). Little activity is obtained, unless diphos- 
phothiamine and DPN or TPN are added. In the presence of ammonia, a 
dismutation of ketoglutarate to succinate, glutamate, and carbon dioxide 
occurs. DPN or TPN is essential for this dismutation. Ackermann (150) has 
devised an assay for the a-ketoglutaric oxidase, and also reports a stimula- 
tion by DPN with certain tissues. 

An a-ketoglutaric decarboxylase has been found in higher plants, which 
apparently has little activity on pyruvic acid (151). This decarboxylase 
requires magnesium or manganese ions and a factor in yeast extracts which 
is not identical with thiamine pyrophosphate. 


SUCCINIC AND FUMARIC SYSTEM 


Scott (152) has purified a soluble succinic dehydrogenase from pig heart, 
which is not sedimented by centrifugation at 20,000 g. The purified prepara- 
tion is free of cytochrome-c and cytochrome-c reductase, and contains little 
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hemin or flavin. The preparation no longer catalyses the reduction of cyto- 
chrome-c by succinate, unless a second heart fraction is added. This fraction 
may contain Slater’s British Anti-Lewisite sensitive factor, which is essential 
for the reduction of cytochrome-c by succinate (153). 

The inactivity of succinic oxidase in bicarbonate has been reported 
(154). Bonner (155) has found that this inactivation can be reversed by 
the addition of a denatured globin. It is thought that the inactivation is 
associated with a colloidal phenomenon. 

Ajl et al. (156) report that biotin stimulates the oxidation of succinate in 
cell-free extracts of E. coli. The increase of activity with biotin is thought 
not to be related to carbon dioxide fixation. Homobiotin or desthiobiotin 
also are effective in stimulating succinate oxidation in these extracts. A 
stimulation by biotin of the decarboxylation of succinate to propionate has 
also been observed (157). 

A spectrophometric assay for fumarase has been developed by Racker 
(139). The procedure is based on the increase of absorption at 240 my, due 
to the formation of the unsaturated dicarboxylic acid from malate. 


OXALOACETIC CARBOXYLASE, MALIC DEHYDROGENASE, AND 
THE ‘‘MALic ENZYME” 


Herbert (158) has purified the oxaloacetic decarboxylase from Micro- 
coccus lysodeikticus 6,000-fold. The purified material is crystalline, but has 
three peaks in the ultracentrifuge. No prosthetic group has been found to 
be associated with this purified enzyme; however, a divalent metal is 
required. 

Salles & Ochoa (159) have fractionated the oxaloacetic decarboxylase of 
pigeon liver (Reaction I) and have found that this activity is closely as- 
sociated with the ‘“‘malic enzyme” (Reaction IT). 


Mn*+ 
Reaction I. Oxaloacetate ————> pyruvate + CO: 
Mnt* 





Reaction II. Malate + TPN pyruvate + CO, + TPNH2. 


Not only do both functions stay together during purification, but also, 
there is a similarity in susceptibility to some physical factors, such as heat. 
It is possible that both enzymatic functions belong to the same protein. 

The reaction of malate to carbon dioxide and pyruvate does not pass 
through free oxaloacetate. This is indicated by the fact that the pH optimum 
for the oxaloacetic decarboxylase is 4.5, whereas that for the ‘‘malic en- 
zyme’”’ is 7.5. The purified preparation does not contain malic dehydrogenase, 
which reacts with either TPN or DPN, whereas the “malic enzyme”’ is 
TPN specific. 

Reaction I has not been found to be reversible, whereas Reaction II has 
been observed to be a reversible system (159, 160, 161). Experiments with 
CO, showed that carbon dioxide was fixed in malic acid, and not in oxalo- 
acetate. Addition of purified malic dehydrogenase increases the radio- 
activity in oxaloacetate under the same experimental conditions (160, 162). 
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The nonfixing of carbon dioxide in oxaloacetate is strong experimental 
evidence supporting the view that the reaction catalyzed by the ‘malic 
enzyme” does not involve free oxaloacetate. 

Utter (163) has studied the mechanism of carbon dioxide fixation in 
dialyzed pigeon liver extracts and has found that two different pathways 
may exist for the fixation. When dialyzed extracts are incubated with labeled 
carbon dioxide, oxaloacetate, and malate in the presence of ATP, the specific 
activity of the oxaloacetate is three to four times as great as the malate 
after short incubations. On a longer incubation, the ratio of radioactivity 
in the carboxyls of the dicarboxylic acids approaches unity; this is presum- 
ably through the mediation of malic dehydrogenase. However, when TPN 
is substituted for ATP, the activity is three to four times higher in the 
malate than in the oxaloacetate after short incubation. These results indicate 
that two independent mechanisms may be involved in C,+C; condensation 
in pigeon liver: A direct carboxylation of pyruvate to oxaloacetate with 
ATP as condensing agent, and a fixation of carbon dioxide into malate in 
the presence of reduced TPN catalyzed by the malic enzyme. 

Extracts of M. lysodeikticus have been found to fix carbon dioxide into 
oxaloacetate (164, 165). ATP did not increase the fixation in these extracts, 
and also TPN has no effect on the extent of this incorporation (164). How- 
ever, no reversibility has been demonstrated with the purified enzyme 
of M. lysodeikticus (162). In fact, Herbert [see (159)], using the highly 
purified bacterial decarboxylase, was unable to demonstrate any carboxyla- 
tion of pyruvate to either oxaloacetate or malate even in the presence of 
reduced DPN and malic dehydrogenase. The fixation observed in the crude 
bacterial extracts (164, 165) might be in a manner similar to that observed 
by Utter (163) with the pigeon extracts, for the possibility exists that ATP 
might be generated in these extracts. 

Ochoa et al. (146) have demonstrated the quantitative conversion of 
carbon dioxide to malate by the ‘‘malic’’ enzyme, using the oxidation of 
glucose-6-phosphate for the generation of reduced TPN. This stoichiometric 
conversion can be summarized by the following equations: 


(a) Glucose-6-phosphate +- TPN — phosphogluconate + TPNH: 
Mn 
(b) Pyruvate + CO, + TPNH: 





» malate + TPN 
Net reaction: 
Glucose-6-phosphate +- pyruvate + Co, Mn ++ TPN phosphogluconate + malate 


A “malic enzyme”’ has been found in malate adapted Lactobacillus arabi- 
nosus. In contrast to the liver enzyme, the bacterial ‘‘malic enzyme’”’ is 
DPN specific (166). Not only does the ‘‘malic enzyme’’ increase during 
adaptation, but there is also a corresponding increase in the oxaloacetate 
decarboxylase. The ‘“‘malic enzyme” of the bacteria has been partially 
purified (161) and, as is the case with the pigeon liver, the oxaloacetic de- 
carboxylase activity closely parallels the oxidative decarboxylation of malate 
in the purification. In all respects, the relationship of the ‘malic enzyme” 
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and oxaloacetic decarboxylase of the bacterial system is identical to the 
relationship of these two functions in the animal system. 

Biotin is reported to be a factor in the fixation of carbon dioxide in oxalo- 
acetate in crude extracts of M. lysodetkticus (165); addition of avidin inhibits 
the fixation of carbon dioxide in these extracts, and biotin addition over- 
comes this inhibition. Lichstein (167) has found that a biotin conjugate 
from yeast, as well as free biotin, is stimulating to oxaloacetic carboxylase. 

Blanchard et al. (166) believe that biotin is not a cofactor in carbon di- 
oxide fixation, but is actually involved in the synthesis of the ‘malic en- 
zyme.”’ No relation has been found between biotin content and the oxalo- 
acetic decarboxylase activity of Cucurbita seeds (168). 


THE Citric Actp CycLE In Tumors 


Potter & LePage (169) have reported that oxidation of oxaloacetate 
through the citric acid cycle is lacking in tumor tissue homogenates, and 
that an alternative oxidative pathway exists in these tissues. Oxaloacetic 
oxidation has been found to be lowered, not only in methylcholanthrene 
tumor homogenates, but also in homogenates of tissues adjacent to them 
(170). However, through the use of labeled acetate and palmitate, labeled 
citrate could be isolated by Weinhouse et al. (171) and shown to be an 
intermediate in the oxidative metabolism o {tumor slices. The condensing 
enzyme, aconitase and isocitric dehydrogenase, have been found in a number 
of different tumors, in concentrations which are comparable to normal 
tissues (172). As yet, a second pathway for oxidative metabolism has not 
been discovered, which would account for the high respiratory rates of these 
tissues. 


THe Citric Acip Cycle IN BACTERIA AND THE CONDENSATION OF Two 
ACETATES TO SUCCINATE (THUNBERG-WIELAND CYCLE) 


The large yields of fumaric acid from ethyl alcohol and glucose (173, 
174, 175) in Rhizopus nigricans led to considerable interest in the possibility 
of a C.+C, condensation in a number of microorganisms. Foster, Carson 
et al. (174, 176) have obtained data in Rhizopus, which seem quite convin- 
cingly to indicate that ethanol is converted to C, dicarboxylic acids by this 
mechanism. These data were obtained with labeled ethanol, and the evidence 
also indicated that carbon dioxide fixation is not of any significance in the 
genesis of dicarboxylic acids in Rhizopus. It is difficult to ascribe to the 
known reactions of the citric acid cycle the experimental fact that CH; 
—CH;0OH (labeled in the carbinol) is converted to fumarate with label 
only in the carboxy! groups. If carbon dioxide fixation were a factor in the 
formation of the dicarboxylic acids under these conditions, a C.+(C, reaction 
would be required, as well as a C3;+C, condensation. The presence of no 
label in the methene groups of fumarate from the carbinol labeled alcohol 
precludes such reactions. 

Foster & Carson (176) believe that carbon dioxide fixation (C3+(C)) 





inte 
the: 
wit 
in t 
car 
im] 


bee 


con 
(17 
den 
it a 
ani 


was 
ace 
an} 
of 1 
dio 
inc 
fixe 
me 
anc 
bili 
wal 
nas 
dio 


vat 


tior 
thi: 
dio 
Ve 
abs 
pyt 


ace 
ion 
req 


inf 
ONi 


he 


lo- 
its 


en- 
lo- 


ate 
ind 
tic 
ene 
em 
‘led 

an 
ing 
ber 
mal 
not 
lese 


“wo 


173, 
lity 
‘son 
vin- 
this 
once 
the 
the 
CH; 
abel 
the 
tion 
f no 
ohol 





CARBOHYDRATE METABOLISM 539 


into dicarboxylic acid is not of quantitative significance in the synthesis of 
these acids. They suggest that metabolic carbon dioxide is in equilibrium 
with the carboxyl of dicarboxylic acids, and that this exchange takes place 
in the reversal of the decarboxylation of oxaloacetate. The conclusion that 
carbon dioxide fixation into dicarboxylic acids is not of any quantitative 
importance is hardly justified, in view of the fact that the actual net syn- 
thesis of malic acid from pyruvate, carbon dioxide, and reduced TPN, has 
been observed by Ochoa, Salles & Ortiz (146). 

Acetate appears to be oxidatively converted to succinate by C2+C2 
condensation in Cornyebacterium creatinovorans (177), in Aerobacter aerogenes 
(178), and in E. coli (179). However, it should be pointed out that the con- 
densing enzyme (C2:+C,) is present in E. coli, grown on glucose. Although 
it appears that some microorganisms have the C2+C: condensation mech- 
anism, the citric acid cycle is apparently also operating in microorganisms. 


OTHER REACTIONS OF INTERMEDIATES IN THE Citric Acip CYCLE 


Pyruvate——Pyruvate has been found under anaerobic conditions in 
washed yeast cells to undergo a dismutation reaction to yield lactate, 
acetate, and carbon dioxide, in which acetaldehyde does not appear to be 
an intermediate (180). Watt & Werkman (181) have studied the reversibility 
of this dismutation reaction of pyruvate in bacteria. Using labeled carbon 
dioxide, some activity has been found in the carboxy] of pyruvate, and this 
incorporation is stimulated somewhat by addition of ATP; however, the 
fixation does not appear to be too great under the conditions of the experi- 
ment. Carboxyl-labeled lactate has been found in the carboxyl of pyruvate 
and also in carbon dioxide. This has been suggested to indicate the reversi- 
bility of the dismutation; however, such a conclusion does not seem to be 
warranted, since lactate can be converted to pyruvate by lactic dehydroge- 
nase, and the resulting pyruvate certainly can be metabolized into carbon 
dioxide. Carboxy! labeled acetate does not enter into the carbonyl of pyru- 
vate during the dismutation of the pyruvate, even in the presence of ATP. 

An as yet unidentified factor has been found essential for pyruvate oxida- 
tion in S. faecalis (182). In the presence of the factor, glucose oxidation in 
this organism results in the production of acetate, lactate, and carbon 
dioxide, which is indicative of a dismutation reaction of pyruvate (183). 
Very little acetyl methyl carbinol is formed under these conditions. In the 
absence of the factor, however, the products of glucose oxidation are lactate, 
pyruvate, and a considerable quantity of acetyl methyl carbinol. 

Metabolism of acetaldehyde.—Black (184) has extensively purified an 
acetaldehyde oxidizing enzyme from yeast, which requires DPN. Potassium 
ions have been found to be essential in this oxidation. The system does not 
require phosphate. 

Jacobsen (185) has shown that antabuse delays the disappearance of 
infused acetaldehyde from blood, presumably by inhibiting the acetaldehyde 
oxidases. Antabuse-treated normal animals do not accumulate acetaldehyde 
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in blood or in isolated organisms and this, therefore, is suggestive evidence 
that free acetaldehyde does not occur significantly as an intermediate in 
mammalian metabolism. 

Racker (186) has described a rapid procedure for obtaining crystalline 
alcohol dehydrogenase in yeast with good yields. With the use of this 
crystalline material, DPN levels as low as 5 ug. can be assayed. He has 
determined the equilibrium constant of the alcohol dehydrogenase reaction, 
as well as lactic dehydrogenase, and shown that the equilibrium constant 
is changed 10-fold in favor of DPN reduction per unit increase in pH. 


COUPLED PHOSPHORYLATION 


Mechanism and occurrence of coupling.—Slater (187), by employing a 
sensitive procedure for determining phosphate uptake, has compared the 
phosphorylation coupled with the anaerobic reduction of cytochrome-c 
with that of the aerobic process in heart muscle granules, using a-ketoglu- 
tarate as substrate. He finds no difference in the ratio of phosphate uptake 
to electron transfer with cytochrome-c or oxygen as electron acceptor. He, 
therefore, concludes that there is no additional phosphate uptake in the 
course of electron transfer between cytochrome-c and oxygen. The demon- 
stration of phosphorylation associated with the reduction of cytochrome-c, 
which apparently occurs with 100 per cent efficiency, is added evidence 
indicating the significance of electron transfer reactions in generating energy- 
rich phosphate bonds. 

In Slater’s experiments, there is a lag in phosphorylation of glucose 
when compared to the reduction of cytochrome-c. This lag has been at- 
tributed to the possibility of accumulation of a primary phosphorylated 
intermediate. However, Slater’s observations might indicate that when 
ATP is generated during the oxidation of a-ketoglutarate, it would react 
via myokinase with adenylic acid, which is added_as an “‘inhibitor’’ of 
myokinase but in fact would compete with the hexokinase system. The 
resulting ADP could then react back to form ATP, which would then react 
with glucose and give the apparent lag in rate of phosphorylation. 

A fortified brain homogenate has been found to catalyze the anaerobic 
oxidation of succinate, using a smooth platinum anode to accept electrons 
and the ferro-ferricyanide system as a mediator (188). The coulombs pro- 
duced by such a system were equivalent to the O2 consumed during succinate 
oxidation under aerobic conditions. Associated with the current flow, there 
was phosphate uptake. Malonate inhibits both the current flow and the 
phosphorylation. These results would then also suggest that cytochrome 
oxidase is not essential for phosphate uptake in oxidative reactions. The 
system is not essentially different from the previously demonstrated coupling 
of phosphate uptake with ferricyanide reduction (189). 

There is as yet no information indicating the nature of the mechanism 
by which energy-rich phosphate bonds are formed in oxidative metabolism. 
Phosphate is not essential for the oxidation of reduced TPN by the purified 
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flavoprotein from liver, cytochrome-c reductase (190). Good & Leaf (191) 
report that isotopic phosphate is taken up into FAD at the same rate as 
into the labile phosphates of ATP in intact rat liver. No changes occur 
under the same conditions in AMP, DPN, or flavine mononucleotide. 

Loomis (192) has described a procedure for storing mitochondrial prepara- 
tions for long periods of time, which will not lose their ability to couple 
phosphorylation with oxidation. Keltch et a/. (193) have obtained a cell-free 
particulate system from sea urchin eggs which will promote phosphate 
uptake during oxidation of members of the citric acid cycle. Phosphorus/oxy- 
gen ratios of around 1 were obtained with this preparation. Phosphate 
uptake associated with respiration has also been found in cell-free E. coli 
extracts (194). These extracts are obtained after centrifugation at 13,000 
r.p.m. 

Washed rabbit tissue preparations have been found by Johnson & Lardy 
(195) to promote phosphate uptake during oxidation of fatty acids. Pyruvate 
oxidation in rat brain homogenates has resulted in phosphorus/oxygen 
ratios of approximately 2.5, which is one of the highest ratios reported for 
brain systems (196). Brain slices have low creatine and high inorganic 
phosphate levels; however, the concentration of creatine phosphate can be 
increased as the result of aerobic phosphorylations associated with either 
glucose or glutamate oxidation (197). Oxidative phosphorylation has also 
been observed in the isolated rabbit ileum (198). 

Dissociation of phosphorylation from oxidation.—During the past few 
years, there has been considerable interest in the substances which will 
prevent phosphate disappearance without inhibiting oxidations. These 
agents are usually referred to as “‘uncouplers.”’ In extension of the work 
of Hotchkiss (199) on gramicidin, a number of antibiotics have now been 
found which will uncouple in low concentrations. Usnic acid (200), atabrine 
(201, 202), and aureomycin (203), have all been found to be potent inhibitors 
of coupled phosphorylation in washed tissue preparations. Penicillin, 
chloromycetin, and sulfadiazine, however, are all inactive as uncouplers 
(203). A substance from sperm has been isolated (204), which will also act 
as an uncoupler in a similar manner as do the antibiotics, the substituted 
phenols, certain dyes, and azide. 

Pinchot & Bloom (205) have obtained some data which suggest that 
diphtheria toxin may interfere with coupled phosphate uptake in guinea pig 
muscle. 

Clowes et al. (206) have shown that nitro and halo phenols will uncouple 
phosphorylation from oxidation in particles from Arbacia eggs in a manner 
identical to that observed with mammalian tissues. At low concentrations 
of substituted phenols, the oxidative rate is accelerated. There is a close 
parallelism of the action of the phenols on the uncoupling and on inhibition 
of cell division in the Arbacia eggs. These results indicate that the phenols 


block cleavage by interfering with the generation of energy-rich phosphate 
bonds. 
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Tyler (207) has also studied the inhibitory and stimulatory effects of 
different concentrations of the substituted phenols on the respiration of 
brain homogenates. He concludes that the stimulatory and inhibitory 
effects are at two different sites, each having distinctly different threshold 
concentrations. 

Utter (208) has found that sodium is a marked stimulator of apyrase 
activity (both ATP and ADP) in brain homogenates. Since there is very 
little apyrase activity in extracts, this could explain the different effects 
produced by this ion on the coupling of phosphorylation in homogenates 
versus extracts. 

The Pasteur effect—Meyerhof & Fiala (209) have obtained a dried bakers 
yeast preparation which shows a definite Pasteur effect (based on the 
Meyerhof quotient). Substituted phenols will inhibit this Pasteur effect, 
as well as the phosphate uptake under aerobic conditions. Anaerobically, 
there is also some inhibition of phosphate uptake in this yeast preparation. 
There is no inhibition of the Pasteur effect in this dried yeast by azide, 
ethyl carbylamine, phenosafranine, or gramicidin. Another yeast strain 
(K yeast), after drying, also shows the Pasteur effect, which is inhibited 
by the phenols. However, the phenols do not produce any changes in phos- 
phate uptake in this yeast. Aldolase has been ruled out as the point where 
glycolysis is controlled (209). 

Mcllwain (210) has found that certain pyridine derivatives, including 
nicotinamide, as well as phenosafranine and janus green, which are all 
known to increase aerobic glycolysis of brain, will also inhibit brain diphos- 
phopyridine nucleotidase, which hydrolyzes DPN at the nicotinamide 
riboside linkage. McIlwain has concluded that the diphosphopyridine nu- 
cleotidase may be involved in the maintenance of the Pasteur effect. How- 
ever, other Pasteur effect inhibitors, such as potassium chloride, guanidine, 
and carbon monoxide did not influence the activity of the diphosphopyridine 
nucleotidase. 


COENZYMES IN CARBOHYDRATE METABOLISM 


It is known that the pyridine nucleotides (DPN and TPN), the adenine 
nucleotides and thiamine pyrophosphate (cocarboxylase) are essential coen- 
zymes in carbohydrate metabolism. During the past few years, several new 
coenzymes, which function in carbohydrate degradation, have been dis- 
covered. These are, namely: glucose-1,6-diphosphate, uridine diphosphate 
glucose, 2,3-diphosphoglyceric acid, and coenzyme A. There is also some evi- 
dence indicating that a biotin derivative may be involved in some reactions 
related to the citric acid cycle. The following is a summary of the recent de- 
velopments in the chemistry and metabolism of some of these coenzymes. 

The pyridine nucleotides—Kornberg and his associates have made a 
number of notable contributions on the chemistry and metabolism of 
DPN and TPN. Kornberg & Pricer (211) have purified a nucleotide pyro- 
phosphatase from potato, which hydrolytically, and hence irreversibly, 
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cleaves DPN into adenylic acid and nicotinamide mononucleotide, which 
is inactive in dehydrogenase systems. This enzyme is quite nonspecific, and 
will attack other pyrophosphate-containing substances, such as TPN, 
FAD, ATP, ADP, and reduced DPN. An enzyme of similar function 
apparently is present in kidney and also in yeast. 

An enzyme from top ale yeast and also from hog liver has been purified 
by Kornberg (212), which catalyzes the pyrophosphorolysis of the DPN 
according to the following equation: DPN +pyrophosphate@2nicotinamide 
mononucleotide + ATP. This reaction is reversible, and it has been shown 
by Kornberg that inorganic pyrophosphate and DPN are formed when 
ATP reacts with nicotinamide mononucleotide. The fact that inorganic 
pyrophosphate can react with DPN to form ATP indicates that the inorganic 
pyrophosphate linkage is an energy rich one [see also Oesper (213)]. In the 
absence of ~P acceptor in tissue oxidations, inorganic pyrophosphate 
is known to accumulate. Kornberg has postulated a feasible scheme for the 
formation of inorganic pyrophosphate under these conditions, involving 
the enzymes which cause the hydrolysis and pyrophosphorolysis of DPN; 

(a) DPN+H,O— nicotinamide mononucleotide+adenylic acid 

(b) adenylic acid +2~P—ATP 

(c) ATP+nicotinamide mononucleotide—pyrophosphate+ DPN 
Reaction (a) would be catalyzed by the nucleotide pyrophosphatase, such 
as the potato enzyme; reaction (b) would be a transfer of energy-rich phos- 
phates generated in fermentation or respiration to adenylic acid; and reac- 
tion (c) would be catalyzed by the DPN pyrophosphorylase. 

An enzyme from yeast has also been isolated, which causes the reversible 
synthesis of FAD from ATP and flavine mononucleotide (F MN), according 
to the following equation (214): FAD+P—P@ATP+FMN. This enzyme 
is specific for the flavine nucleotides and will not react with DPN. Similarly, 
the DPN pyrophosphorylase will not react with either FAD or TPN (212). 
The finding of FAD synthesis also indicates that the flavine nucleotides may 
participate in the Kornberg pyrophosphate cycle. 

It has been recognized for some time that there is an interconversion 
between DPN and TPN. Sanadi et al. (215) have studied an enzyme from 
pig kidney which catalyzes the formation of DPN from TPN. The acid 
prostatic phosphatase will also remove one phosphate from TPN to form 
DPN (216). Kornberg (217) has purified an enzyme from yeast maceration 
juice, which will catalyze the synthesis of TPN from DPN, according to 
the following reaction: DPN+ATP—TPN+ADP. 

The fact that interconversion of the pyridine nucleotides exists is indica- 
tive that the third phosphate of TPN is in a monoester form, somewhere 
on the DPN skeleton. Kornberg & Pricer (218) have recently established 
the location of the monoester phosphate grouping in TPN. By treating 
TPN with the potato nucleotide pyrophosphatase, they have been able to 
isolate an adenosinediphosphate compound. This was then degraded by a 
specific 5-nucleotidase, to yield a compound which proved to be identical 
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with adenylic acid ‘‘a.’’ Adenylic acid ‘‘a’”’ is thought to be adenosine-2’. 
phosphate (219, 220). If this is correct, then TPN would be a dinucleotide, 
consisting of nicotinamide mononucleotide and adenosine 2’,5’-diphosphate. 

In animal tissues, there is a splitting of DPN at the nicotinamide riboside 
linkage to yield nicotinamide. The brain enzyme which induces this splitting 
has been restudied (221). An enzyme has been highly purified from Neuro- 
spora, which also causes this hydrolysis into free nicotinamide (222). Adeno- 
sine diphosphate ribose has been isolated as a product of the reaction of the 
Neurospora enzyme on DPN. Both the brain and neurospora reactions do 
not appear to be reversible (221, 222). However, a rapid synthesis of the 
pyridine riboside linkage has been observed to occur in human red blood 
cells in the presence of nicotinamide (223). 

Huennekens & Green (224) have found that DPN and TPN are firmly 
bound in the particulate elements of tissues, and that various physical and 
chemical agents can liberate the bound pyridine nucleotides from their 
protein attachments. The studies on bound DPN in pure triosephosphate 
dehydrogenase (96) have been discussed in an earlier section. 

Coenzyme A.—The isolation of coenzyme A from hog liver (225) and 
from Streptomyces fradiae (226) has been described. Although this coenzyme 
has not been isolated in pure form as yet, considerable information is avail- 
able now regarding its structure. Evidence has been obtained indicating 
that three major components are present in the coenzyme molecule: (a) 
pantothenic acid (225); (b) adenylic acid (225), and (c) an amino-containing 
sulfur compound, which is probably mercaptoethanolamine (225, 226, 227). 
The pantothenic acid most likely is linked to the sulfur-containing compound 
through the B-alanine carboxyl group (225, 228), and to the adenylic acid 
by a phosphate bridge (229). There is some evidence which indicates that 
a second phosphate grouping is present on the ribose of the adenylic acid 
as in TPN (230). Although the structure of coenzyme A is not definitely 
established, the following schematic formula gives an indication of the pos- 
sible structure: 


Pantoyl—§-alanyl—mercaptoethanolamine 
P—P—ribose-adenine 
P 

An enzyme splitting the linkage between B-alanine and the mercapto- 
ethanolamine is present in pigeon and chicken liver extracts (231). The 
pantothenic acid-sulfur compound fragment can be obtained by degrada- 
tion of coenzyme A with intestinal phosphatase (228, 229), and this frag- 
ment has been shown to be identical with the Lactobacillus bulgaricus 
growth factor (L. B. F.) (226, 228, 232). This fragment has been synthesized 
by Snell et al. (227). 

Potato nucleotide pyrophosphatase splits coenzyme A into two frag- 
ments: (a) an adenylic acid derivative, and (b) a compound which apparently 
is a phosphorylated pantothenyl sulfur compound (229). These two frag- 
ments are apparently condensed to coenzyme A in pigeon liver extracts in 
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the presence of ATP. The fact that two distribution peaks appear in phenol, 
both giving coenzyme A activity and containing pantothenic acid may be due 
to the fact that the pantothenic acid phosphate can be resynthesized into 
coenzyme A during the routine assay for the coenzyme with pigeon liver 
extract (233). 

Cheldelin and his associates have published several papers dealing with 
a “pantothenic acid conjugate,’’ which is believed not to be coenzyme A 
(234, 235, 236). This conjugate is utilized much better for growth by Aceto- 
bacter suboxydans than is either free pantothenic acid or coenzyme A (234). 
However, other workers have shown that splitting of coenzyme A with the 
potato enzyme results in the liberation of what seems to be a pantothenyl 
phosphate derivative having a greater activity for Acetobacter than the intact 
coenzyme A (229). Fresh tissues appear to contain pantothenic phosphate 
fragments which can be converted into coenzyme A by pigeon liver prepara- 
tions (237). King, Strong & Cheldelin (236) have reported that ‘“‘pantothenic 
acid conjugate”’ can be converted to coenzyme A in pantothenic-deficient ~ 
animals. This result has no particular significance, however, since the 
administration of free pantothenic acid has the same effect (238). It appears, 
therefore, that the ‘‘pantothenic acid conjugate’ may be merely a degrada- 
tion product of coenzyme A. 

Uridine diphosphate glucose——Caputto et al. (239) have isolated the 
factor essential for the transformation of galactose-1-phosphate into glucose- 
1-phosphate, by an enzyme in galactose adapted yeast. This factor has been 
found to be uridine diphosphate glucose, which appears to be a condensation 
product of uridine-5-phosphate and glucose-1-phosphate by means of a 
pyrophosphate bridge. The glucose can be liberated from the coenzyme by 
treatment with 0.01 N acid for 5 min. at 100°; the lability in acid is six 
times as great as with glucose-1-phosphate. Hydrolysis with 1.0 N acid 
releases one phosphate in 15 min. at 100°. The coenzyme is also sensitive 
to alkali; heating at 100° for a few minutes completely inactivates the sugar 
transforming properties of the substance. There is no liberation of inorganic 
phosphate or glucose on treatment with alkali, but a secondary phosphate 
dissociation appears. 

Uridine diphosphate glucose is present in yeast not adapted to galactose, 
and also in rat kidney, liver, brain, and muscle. The wide distribution of 
the coenzyme and its high concentration suggest that it may have other 
functions besides being involved in galactose metabolism. 

Park & Johnson (240) and Park (241), have isolated three labile phos- 
phate compounds containing uracil from penicillin-treated Staphylococcus 


aureus cells. These substances apparently have no “galactowaldenase”’ 
activity (239). 


HORMONE EFFECTS 
DIABETOGENIC CHEMICALS 


Alloxan.—The mechanism of the hypoglycemic phase of alloxan action 
continues to be a matter for dispute. Wrenshall, Collins-Williams & Best 
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(242) have confirmed the original observation of Houssay, Orias & Sara 
(243) that alloxan hypoglycemia can be induced in freshly depancreatized 
animals, but, nevertheless believe that insulin release from degenerating 
beta cells could explain the hypoglycemic effects of alloxan on the normal 
animal. The view of Houssay et al. that this effect is extrapancreatic in 
origin is supported by experiments of Bhattacharya (244) and of Carrasco- 
Formiguera & Mendoza (245). The former (244) presents evidence that 
alloxan temporarily blocks liver glycogenolysis, while the latter (245) believe 
that it temporarily hinders gluconeogenesis. 

In the third phase of alloxan action, the fasting liver glycogen level and 
the degree of acidosis depends on the severity of the diabetes produced. 
With mildly diabetic rats which have been fasted 24 to 48 hr., Morita & 
Orten (246) find that the liver glycogen is actually much higher and the 
degree of acidosis less than in normal fasted rats. The high liver glycogen 
is explained on the basis of the hypertrophy of the adrenal cortex in alloxan- 
treated animals. In severely alloxan diabetic animals, Kaplan et al. (247) 
have shown that fasting liver glycogen values are below those of fasted 
controls. 

Dehydroascorbic acid.—Patterson (248, 249) has shown that the dehydro 
forms of L-ascorbic, D-isoascorbic, and D-glucoascorbic acids can produce 
permanent diabetes in rats. He points out the similarity to the alloxan 
series in structure and properties and concludes that a ring structure, con- 
taining three adjacent carboxyl groups, is required for diabetogenic action 
in this family of compounds. Patterson & Lazarow (250) have shown that 
the prior administration of various sulfhydryl compounds protects animals 
from the diabetogenic action of dehydroascorbic acid, just as with alloxan. 
However, the diabetogenic effect of the latter compounds cannot be ascribed 
simply to reaction with sulfhydryl groups, since many related compounds 
which react readily with sulfhydryl groups are not diabetogenic. 

Uric acid.—Griffiths (251) has shown that uric acid, but not related 
purines, is diabetogenic in Australian wild rabbits. The effect is observed 
only in animals which have a low blood glutathione level and a low insulin 
content of the pancreas, as a result of prefeeding on a low methionine- 
cysteine diet. The diabetes generally disappears on return to a normal diet. 


THE AcTION OF INSULIN 


Insulin activity in relation to pituitary-adrenal system.—Blumenthal et al. 
(252) have shown that prolonged periods of insulin-induced hypoglycemia 
in guinea pigs can lead to a decrease in carbohydrate tolerance and refrac- 
toriness to insulin, by causing increased activity of the pituitary-adrenal 
system. The ‘‘anti-insulin” action of purified growth hormone, as well as 
adrenal cortical extracts, has been demonstrated in hypophysectomized 
dogs by de Bodo et al. (253). Illingworth & Russell (254) have shown that 
purified growth hormone and adrenal cortical extract act synergistically to 
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increase the glycogen stores in fasted normal animals, presumably by sup- 
pressing the catabolism of carbohydrate. 

Role of insulin in fatty acid synthesis ——According to Brady & Gurin 
(255), liver slices of alloxanized or pancreatectomized animals fail to convert 
acetate to fatty acids, although they readily convert acetate to acetoacetate, 
the latter observation indicating a normal ability to form ‘“‘active acetate.” 
The conversion of acetate to cholesterol is impaired only in severe diabetes. 
Since fatty acid oxidation, via 2-carbon fragments, proceeds readily in the 
diabetic liver, the authors conclude that fatty acid synthesis must proceed 
by a process independent of fatty acid breakdown. They conclude, further, 
that diabetes results in a block in the conversion of active acetate to fatty 
acid, but concede that the primary block may be in carbohydrate utilization, 
which is in some unknown fashion coupled with normal fat synthesis. 

Addition of insulin fails to restore fatty acid synthesis in the diabetic 
liver slice (255). Such a failure of insulin to reverse in vitro an effect brought 
on by its removal has been often noted, and may mean that tissues deprived 
of insulin undergo a gradual secondary loss of other factors necessary for 
its action. That this loss is readily reversible in the intact animal is indicated 
by the experiments of Chernick et al. (256, 257), which indicate that liver 
slices from diabetic animals show restored ability to incorporate labeled 
glucose carbons into fatty acids if insulin is injected one hour prior to the 
experiment. 

The ability of the rat liver slice to form fatty acids from glucose (258), 
or to form amino acids from pyruvic acid and ammonia (259), depends on 
the previous nutritional state of the animal, both processes occurring at a 
much lower rate when the animals have been deprived of dietary carbohy- 
drate. 

Role of insulin in glucose oxidation and glycogen synthesis——According to 
the report of Feller et al. (260), as well as other contributions from the 
Chaikoff group (256, 257, 258), the ability to oxidize glucose, as measured 
by the appearance of labeled carbon dioxide from uniformly labeled glucose, 
is only slightly impaired in the diabetic animal, or in the pseudo-diabetic 
carbohydrate-starved animal. The diabetic state cannot, therefore, be 
accounted for solely on the basis of diminished peripheral utilization of 
glucose; the increased glucose production by the liver and the failure in the 
hepatic conversion of carbohydrate to fat are certainly important factors. 

However, that insulin can promote peripheral utilization of glucose, via 
both glycogen deposition and glucose oxidation, is well illustrated by the 
many experiments with the isolated diaphragm of the rat, initiated by 
Gemmill. Willebrands et al. (261) report that extremely small amounts of 
insulin (10~® units per ml.) produce detectable effects on both glucose utiliza- 
tion and potassium uptake by the diaphragm. It can be calculated that 1 
molecule of insulin mobilizes 2X 10* molecules of glucose and 1 X10* mole- 
cules of potassium per hr. at 37°. The same investigators (262) could find 
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no effect of insulin on phosphate uptake from the medium under these 
conditions. 

A remarkable effect of acetate in promoting glycogen synthesis from 
glucose in the isolated diaphragm at low glucose concentrations has been 
reported by Parnes & Wertheimer (263). Moreover, the addition of acetate 
to the diet of rats maintained on carbohydrate or protein leads to increased 
ability to retain glycogen in the liver and muscles on subsequent fasting 
(264). The authors do not imply that acetate itself can give rise to glycogen, 
but regard it as a metabolic ‘‘regulator,’”’ and propose the theory that the 
cell can regulate its own metabolism by means of metabolic products, the 
action of hormones being regarded as secondary. No mechanism for such 
“regulation” is proposed. 

Phosphate changes in diabetes—Sacks & Damast (265) report that the 
content of organic phosphates in the liver (ATP-ADP and glucose-1- 
phosphate) is diminished, with a corresponding rise in inorganic phosphate, 
in alloxan-diabetic rats, and that the rate of incorporation of P*? into the 
ATP-ADP fraction is relatively low. These results are in agreement with 
earlier ones of Kaplan et al. (247), and indicate a marked derangement of 
phosphate metabolism in diabetic liver. 

Morita & Orten (266) find that phosphate administration to diabetic 
animals, without or with insulin, does not enhance glucose utilization. 
Nevertheless, the clinical desirability of administering phosphate with 
insulin in diabetic coma deserves consideration for the purpose of restoring 
the phosphate content of the depleted tissues (267). 

Effect of insulin on individual enzyme reactions.—The experiments of 
Colowick, Slein & Cori (268) have indicated that the hexokinase activity 
of cell-free tissue extracts can be inhibited by the combined action of pitui- 
tary and adrenal substances, and that this inhibition is completely overcome 
by insulin addition. These experiments have received encouraging confirma- 
tion and extension in the work of Weil-Malherbe (269), who finds that the 
plasma of untreated diabetic patients inhibits the hexokinase of rat brain, 
the degree of inhibition being correlated with the severity of the diabetes. 
The plasma from insulin-treated patients has no inhibitory effect. 

Stadie et al. (270) have critically reviewed the work of Colowick et al. 
(268), and have presented further negative experiments on the effect of 
insulin on hexokinase activity of tissue extracts from diabetic animals. 
Vestling et al. (271) have reported that alloxan-treated male (but not female) 
rats show sub-normal liver fructokinase activity, which can be restored to 
normal by insulin administration. 

Suggestions that insulin may inhibit adenosinetriphosphatase activity 
or promote methyl glyoxal utilization have been refuted by Broh-Kahn 
et al. (272) and Dirscherl & Zilliken (273), respectively. 


EPINEPHRINE 


Cohen & Needham (274) have studied the effect of previous administra- 
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tion of epinephrine on the uptake of glucose in extracts of skeletal muscle. 
No effect of epinephrine occurs until ATP concentration becomes a limiting 
factor. Under these conditions, previous injection of the hormone leads to a 
considerable lowering of the sugar utilization. It is suggested that epineph- 
rine acts on ATP synthesis, rather than directly on hexokinase. It has 
been reported that previous administration of epinephrine has only minor 
effects on the glucose uptake, glycogen formation, and lactic acid production 
of the isolated rat diaphragm (275). Cohen, however, reports that epineph- 
rine injection inhibits the utilization of glucose by diaphragm, and that 
this effect is abolished by hypophysectomy (276). 

Somogyi (277), by the determination of arteriovenous differences after 
glucose administration, has concluded that epinephrine acts primarily by 
inhibiting peripheral utilization of glucose. This author also believes that 
liver glycogenolysis is not an important factor in the rise of the blood sugar 
which follows epinephrine administration. The possible physiological sig- 
nificance of the alpha cells of the pancreas, which are believed to secrete a 
substance having epinephrine-like effects, is indicated in the observations 
of McQuarrie et al. (278), who found complete absence of alpha cells in 
patients suffering from spontaneous hypoglycemia. 


STEROIDS 


Both desoxycorticosterone and compound E give the same stimulation 
in the formation of glycogen from glucose in adrenalectomized rats (279). 
Leupin & Verzar (280) report that desoxycorticosterone promotes glyco- 
genolysis in liver slices more effectively than Compound E. On the other 
hand, Chiu (281) has found that pure desoxycorticosterone or pure oxy- 
genated C,; steroids stimulate glycogen and total carbohydrate formation, 
as do crude adrenal cortical extracts (282). 

Hecter et al. (283, 284) have shown that perfusion of cow adrenal gland 
with 11-desoxycorticosterone leads to the formation of corticosterone. 
Other steroids so perfused also lead to a formation of an 11-hydroxyl group 
(284). Desoxycorticosterone, when incubated with adrenal cortical slices, 
or other tissue slices, leads to some formation of corticosterone (285). 

The effect of estrogens and androgens on the carbohydrate metabolism 
of liver slices has been studied. Effects of remarkably small amounts of sex 
hormones on stimulating the anaerobic glycolysis and respiration of liver 
slices is claimed (286). 

Mann & Parsons (287) have found that fructose and citric acid disappear 
from semen on castration or hypophysectomy. Testosterone administration 
reverses the effects of either the castration or hypophysectomy, with respect 
to these semen constituents, and the pituitary gonadotropins will restore 
the chemical normalcy of the semen of hypophysectomized animals. In 
alloxan diabetes in rabbits, the fructose content rises in semen after the blood 
sugar is elevated. This indicates that the seminal fructose arises from the 
blood glucose; high seminal fructose is also observed in human diabetes. 
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5 
THYROID 


Thyroid feeding lowers the activity of liver lactic dehydrogenase (288). 
Thiouracil feeding raises the level of this enzyme, whereas thyroidectomy 
does not produce significant changes. These results may explain the de- 
creased liver glycogen, and the high blood lactate and decreased lactate 
tolerance observed in experimental hyperthyroidism. 

Hyperthyroidism results in a high turnover of the terminal phosphate in 
ATP; the turnover of this labile phosphate is lowered in hypothyroidism 
(289). This suggests that thyroxin may be involved in the oxidative forma- 
tion of ATP. 


PHOTOSYNTHESIS 


The light reaction—The new experiments of Warburg & Burk (290) 
demonstrate that the photoreduction of 1 molecule of carbon dioxide, with 
evolution of 1 molecule of oxygen, in long-term illumination experiments, 
requires 2.5 to 4.8 quanta of red light in Chlorella under optimal conditions. 
The quantum yield of 2.5 represents 100 per cent efficiency. Not satisfied 
with this result, Burk & Warburg (291) now report new experiments, em- 
ploying alternate one-minute periods of light and dark, in which a quantum 
yield of 1 is obtained. They find further that the higher the light intensity, 
the greater the respiration in the ensuing dark period, and conclude that in 
the photofixation of carbon dioxide with a quantum yield of 1, part of the 
energy is supplied by the light, and part by the reactions of the respiratory 
dark phase. 

New experiments by Vishniac & Ochoa (292) demonstrate in an elegant 
manner that washed green grana from spinach leaves can carry out the 
following reaction: 


(light) 
H.O + TPN (or DPN) ———— 0.5 02 + TPNH: (or DPNH:). 


The reduced pyridine nucleotides were not detected directly, but by addition 
of specific dehydrogenases for transferring electrons from reduced pyridine 
nucleotides to appropriate acceptors. In this way, a light dependent reduc- 
tion of pyruvate to lactate, or of pyruvate plus carbon dioxide to malate, 
could be demonstrated. It thus seems clear that the primary effect of the 
light is to form reduced pyridine nucleotides, and that subsequent carbon 
dioxide fixation can occur in the dark when mechanisms are available for 
stabilizing the light-produced reducing agents. 

The experiments of Gest, Kamen & Bregoff (293, 294) have uncovered 
a new phenomenon in photosynthetic bacteria, namely, a light-dependent 
production of hydrogen, which is also substrate dependent, occurring only 
with malate, oxaloacetate, fumarate, or pyruvate, in certain species. Ap- 
parently, in this system, only a portion of the photoproduced reducing sub- 
stances are utilized for substrate assimilation, the remainder giving rise to 
gaseous hydrogen, which, for some unknown reasons, cannot be used for 
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the reduction of the carbon dioxide, which appears simultaneously. The 
phenomenon has not been observed earlier because hydrogen production 
is completely suppressed by the presence of gaseous nitrogen or ammonium 
salts, both of which can be reduced to amino compounds in this system. 

The dark reaction.—The occurrence of phosphoglyceric acid as an early 
product of the fixation of carbon dioxide, discovered by Calvin & Benson, 
has now been confirmed in the new experiments of Fager & Rosenberg 
(295). However, the routine technique described by the latter workers does 
not appear to be at all specific for phosphoglyceric acid. Bassham, Benson 
& Calvin (296) have presented new evidence that malic acid is not an inter- 
mediate in photosynthetic carbon dioxide fixation, but believe some other 
C, acid is formed by a C3+COz condensation. This C, acid is then believed 
to undergo reduction to two C2 fragments, both of which are then converted 
to phosphoglyceric acid by C:+CQO2 condensation. One of the phospho- 
glyceric acid molecules is then reduced to carbohydrate, while the other is 
used for the C3;+CO. condensation, which is necessary to maintain the 
cycle. 

Studies of the fate of labeled carbon dioxide during longer periods of 
photosynthesis reveal a shift of labeled carbon from organic acids to carbo- 
hydrates (297, 298). An enzyme oxidizing glycolic acid appears in etiolated 
plants in response to light, but no correlation has been found with photo- 
synthetic activity (299). 
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WATER-SOLUBLE VITAMINS' 


By GLADYS EMERSON AND KARL FOLKERS 


Merck Institute for Therapeutic Research and Research Laboratories, Merck & Co., Inc., 
Rahway, New Jersey 


INTRODUCTION 


The reviewing of the publications on water-soluble vitamins for the year 
1950 within the space limitation of this book has resulted in new heights of 
difficulties. Reviewers have recognized these difficulties for at least five 
years and, for every chapter on this subject since 1945, the authors have ex- 
pressed apologies for omission of significant papers. This review is no ex- 
ception, and we humbly point out again that the choice of material was 
arbitrary and required the deletion of about four times as many publications 
as could be included. The preliminary card file collection, for which we 
acknowledge and thank Miss Elizabeth Wurtz and Mrs. Mary Bishop 
Rees, covered approximately 1,000 publications which fall within the scope 
of water-soluble vitamins. A review of these papers within the space limita- 
tion would result in mentioning about 30 papers per printed page in a style 
similar to an annotated bibliography. The chapters for the last six years 
averaged about nine papers per page. 

The number of publications on certain vitamins increases each year, and 
frequently new vitamins appear which add a significant number of publica- 
tions to the field. For example, the review of the water-soluble vitamins for 
1949 has about 15 per cent of the space devoted to vitamin By. For mini- 
mum coverage of vitamin By for this 1950 review, we have used about 50 
per cent of the available space. Editorial comment requested the inclusion 
of vitamin By, folic acid, and the citrovorum factor. 

We believe it is best to cover a given publication fairly adequately. 
Competition with preceding authors on the total number of publications 
included has questionable significance. After all, the majority of the pub- 
lications had to be excluded. 


VITAMIN By OR CYANO-COBALAMIN AND RELATED COMPOUNDS 


Chemistry.—Progress has been made upon the elucidation of the chemi- 
cal structure of vitamin By. This vitamin is a comparatively large molecule, 
and has been reported to have a composition typified by the formulas 
Coi—64H s6_92N 14013P'Co (1). 

Ellis, Petrow & Snook (2) found that the hydrolysis of vitamin Biz. with 
20 per cent hydrochloric acid at 100° yielded a ‘‘ninhydrin-reacting”’ frag- 
ment which could be detected and studied by unidimensional paper-strip 
chromatography. They determined that this fragment and 2-aminopropanol 
(1) revealed Ry values on chromatography which were identical when four 


1 Partly because of the exigencies of space, the contents of this review have been 
restricted to several of the water-soluble vitamins. 
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different solvent systems were used. It was concluded that it was ‘‘difficult 
to avoid drawing the conclusion that the two substances are identical. A 
final decision on this point must, of course, rest on a rigid chemical compari- 


CHg’CH(NH2)-CH20H CH3-CH(OH)-CHp‘NHg 
1 Il 


son.”’ Since it was established later that these two substances are not identi- 
cal, the moral concerns an understanding of the limitations of paper-strip 
chromatography. 

Vitamin By: has been degraded by acid hydrolysis to Dg-1-amino-2- 
propanol (II) which was characterized by structure examination and by 
synthesis by Wolf, Jones, Valiant & Folkers (3). This Dg-1-amino-2-propanol 
is the “‘ninhydrin-reacting’’ fragment and is isomeric with the first-con- 
sidered 2-aminopropanol (I). 

Later work by Cooley, Ellis & Petrow (4) showed that the “ninhydrin- 
reacting” fragment and 2-aminopropanol (I) showed a different behavior 
on oxidation with acid permanganate. The latter substance gave alanine 
whereas the former did not. Examination of other low molecular weight 
amino alcohols revealed that the “ninhydrin-reacting’’ product and 1- 
amino-2-propanol (II) are likewise indistinguishable on paper chromato- 
grams, and give “yellow spots” on paper after oxidation (5). 

Using an adaptation of an analytical method originally developed for 
ethanolamine, it has been found by Chargaff, Levine, Green & Kream 
(6) that for vitamin By there is a molar ratio of aminopropanol to phos- 
phorus of 2. It was also found (6) that 6 per cent of ammonia was liberated 
by hydrolysis with 6N hydrochloric acid at 100° for 6 hr. 

5,6-Dimethylbenzimidazole (III) has been identified as a degradation 


N 
H3C XQ 
CH 
N 
H 


Tl 


product of vitamin By: by acid hydrolysis; its structure was established by 
degradative methods and by synthesis by Brink & Folkers (7). This ob- 
servation was confirmed by Beaven and co-workers (8) who based their 
identification of 5,6-dimethylbenzimidazole upon spectrophotometric evi- 
dence. These investigators designated this product ‘“‘component 7”, and 


* Configuration related to D-glyceraldehyde. 
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recognized paper-strip evidence for the additional ‘‘components a and 6” 
which appeared to be 1,5,6-trisubstituted benzimidazoles. 

1-a-D- Ribofuranosido-5,6-dimethylbenzimidazole (IV) was then charac- 
terized as an acid hydrolytic degradative product of vitamin By, and it was 


- \ 
HC J [on on | 


————€ -C -C-C - CH,OH 
H H H H 


IV 


synthesized by Brink, Holly, Shunk, Peel, Cahill & Folkers (9). This product 
was designated a-ribazole for convenience. 

The synthesis and study of benzimidazole glycosides, which are chemi- 
cally closely related to a-ribazole, has been reported by Mamalis, Petrow & 
Sturgeon in a series of papers. In the first of these (10), the preparation and 
properties of some o-nitroaniline glycosides is described. The second paper 
(11) is concerned with synthetic routes to the benzimidazole-1-pD-gluco- 
pyranosides, and the third (12) with the preparation of some benzimidazole 
pentosides. 

5,6-Dimethylbenzimidazole and 1,2-diamino-4,5-dimethylbenzene, both 
of which are degradation products of vitamin By, have been found to show 
vitamin By.-like activity at milligram-levels when tested by a rat assay. It 
was also found that 5-methylbenzimidazole showed significant activity, and 
that 2,5-dimethylbenzimidazole appeared to show growth-depressant or 
inhibitor properties [Emerson, Brink, Holly, Koniuszy, Heyl & Folkers (13)]. 

The isolation of a phosphorus-containing degradation product from 
vitamins Biz and Bie, and the conclusion that the phosphoryl group must be 
attached either to C. or C3in the sugar residue of the benzimidazole nucleo- 
tide have been communicated by Buchanan, Johnson, Mills & Todd (14). 
The location of the phosphorus atom in vitamins Byz: and Biz was deter- 
mined by the isolation of a barium salt of the phosphorylated N-substituted- 
5,6-dimethylbenzimidazole. The two N-substituted benzimidazoles, the a 
and B components previously mentioned, are interrelated in a manner 
exactly analogous to the pyrimidine and purine nucleotides and nucelosides. 
These studies by Buchanan, Johnson, Mills & Todd (15) also involved the 
application of a synthesis of purine glycosides to the synthesis of N- 
substituted benzimidazoles. Thus, 1-p-glucopyranosyl-5,6-dimethylbenzimi- 
dazole was made by the cyclization of the 2-thioformamidoaniline glucoside. 

Treatment of vitamin Biz with 6N hydrochloric acid for periods of 
minutes led to the liberation of the a-component. Further contact with 6N 
hydrochloric acid led, after not less than 18 hr., to gradual release of 1- 
amino-2-propanol. Neither the B-nor y-components made their appearance 
at this stage according to Cooley, Ellis, Mamalis, Petrow & Sturgeon (16). 
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5,6-Dimethylbenzimidazole shows a fine structure band in its ultra- 
violet spectrum at 2850A (in dilute acid); however, the spectrum of vitamin 
Biz shows only an inflection in this region. This observation led to the idea 
that the benzimidazole is probably linked directly to cobalt by a coordinate 
link as shown in V by Beaven, Holiday, Johnson, Ellis & Petrow (17, 18). 








Crystalline vitamin Bj was first described by Kaczka, Wolf & Folkers 
(19) as a reaction product of vitamin By and hydrogen over a platinum 
catalyst. 

The isolation of a red, crystalline substance from cultures of Streptomyces 
aureofaciens, which was different from vitamin Bj, and was designated 
vitamin By», was communicated by Pierce, Page, Stokstad & Jukes (20), 
and some further characteristics of this substance were described subse- 
quently (21). 

The original sample of vitamin Bio, was about 98 per cent pure by solubil- 
ity analysis, and a comparison of a sample of vitamin By, with two samples 
of vitamin By» by critical physical criteria showed that vitamins Bj2, and 
Bi» are identical according to Kaczka, Denkewalter, Holland & Folkers 
(22). Samples of vitamins Biz, and Bi, were examined by Wijmenga, Veer 
& Lens (23) and could not be distinguished either by absorption spectra 
or by paper chromatography. 

The isolation of vitamin Bis, from concentrates of Streptomyces griseus 
has also been reported (22). It is possible that the diversity of the source of 
the original samples of crystalline vitamins Bo, and Bi, contributed partly 
to a delay in an adequate comparison of samples for identity. Possibly the 
complexity of the compound as well as some obscurities over the interpreta- 
tion of some properties of the compound also contributed to a delayed 
understanding. In the following paragraphs, parenthetical notation is used 
to show Bha-Bizy synonymy. The more recent nomenclature assigns the 
designation hydroxo-cobalamin to vitamin Bj, and replaces both vitamins 
Byjoa- Bip terms. 

The utilization of neomycin fermentations for the successful isolation 
of vitamin By» (Bisa) has been described in detail by Jackson et al. (24). 
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Smith announced (25) that another crystalline substance, which seemed 
to have the same activity as vitamin By, was isolated from culture broth of 
S. griseus. Shortly afterwards, this product and another were designated 
vitamin Bie and vitamin Big. They may be distinguished by differences in 
absorption spectra and type of growth in microbiological assay [Anslow, 
Ball, Emery, Fantes, Smith & Walker (26)]. 

Smith had reported in 1948 (27) the existence of a second highly active 
red amorphous preparation which may be defined now as one of the co- 
balamin modifications. 

Veer, Edelhausen, Wijmenga & Lens (28) described the conversion of 
vitamin By, to vitamin By» (Bisa) under the influence of light in weakly acid 
solution. This reaction could be reversed by the addition of potassium cya- 
nide to the solution, as far as could be judged by absorption spectra. 

It was found by Brink, Kuehl & Folkers (29) that vitamin By contains 
one cyano group which is bound coordinatively to the cobalt atom. Vitamin 
By, does not contain a cyano group. The cyano group may be liberated 
and removed readily by heating solutions of vitamin By in hydrochloric 
acid or aqueous oxalic acid. 

Addition of cyanide ions to a solution of vitamin By, converted the 
vitamin Byg into vitamin By. The reaction product was isolated in crystal- 
line form and identified by Kaczka, Wolf, Kuehl & Folkers (30). This con- 
version shows that in the formation of vitamin Bj), by hydrogenation (19), 
the only structural change is a replacement of the cyano group. An aqueous 
solution of vitamin By, has a pH of about 9 and behaves as a weak base on 
titration. It appears that the cyano group has been replaced by a hydroxo 
group in the conversion of vitamin By into Bis. By similar replacement 
reactions, new modifications of vitamin By. have been made (30). New 
nomenclature was needed to designate the large number of modifications of 
vitamin By. Extension of the alphabetical list (‘‘Bize, Big’ . . . ) has obvious 
disadvantages; consequently, the name ‘“‘cobalamin”’ was selected to desig- 
nate all of the vitamin B,z. molecule except the cyano group and by con- 
vention for Werner coordination complexes, vitamin Biz. becomes cyano- 
cobalamin, and vitamin Bj, hydroxo-cobalamin. The following new modifi- 
cations were described (30): chloro-cobalamin, sulfato-cobalamin, and a 
product from hydrogen sulfide and vitamin By. 

It was observed that cyanide ions and vitamin By: react in aqueous solu- 
tion to form a purple ‘“‘By.-cyanide’’ complex, and it was found that the 
reaction is reversible. This reaction is concerned with the interpretation 
leading to partial structure V (17). An examination of the effect of cyanide 
ions on the spectrum of vitamin By, led to the conclusion that vitamin 
Bi» (Biza) may be converted, through intermediate formation of a cyanide 
complex, into a substance, which as far as could be ascertained, is identical 
with vitamin By [Ellis, Beaven, Holiday & Petrow (31)]. 

Further studies by Wijmenga, Veer & Lens (23) show that treatment of 
samples of vitamin Bysa-vitamin B,» with hydrogen cyanide at pH 5-6 





564 EMERSON AND FOLKERS 


yields a product with the same absorption spectrum and chromatographic 
characteristics as those of vitamin B,:. The formation of the purple complex 
from potassium cyanide at pH 9 was also observed. Evidence was described 
which suggests that in some liver extracts all or part of the vitamin By is 
present in a combined form, and that the vitamin can be liberated by potas- 
sium cyanide. 

Boxer & Rickards (32) have reported, in the first of a series of papers on 
the chemical determination of vitamin By, on colorimetric and fluorometric 
methods for determination of 5,6-dimethylbenzimidazole. 

Some pharmaceutical aspects of vitamin Biz, have been summarized by 
Hartley, Stross & Stuckey (33), including methods of determination of 
vitamin By: and data on stability and sterilization. 

It has been found that the cyano group of cyano-cobalamin (vitamin B,.) 
can be selectively liberated by irradiation with visible light. Analytical 
methods have been developed which permit the quantitative isolation, and 
accurate and specific determination of cyanide in minute traces (1 part in 
100 billions). Application of these techniques to the photochemically labile 
cyano group of cyano-cobalamin makes the chemical assay of the vitamin 
in a wide variety of substrates possible [Boxer & Rickards (34)]. 

A helpful and interesting review article on folic acid, vitamin By, and 
anemia has been written by E. Lester Smith (35). 

Biochemistry.—Vitamin By, in addition to its antianemic and nutritional 
properties, plays an important role in the synthesis of biologically essential 
methyl groups. Gillis & Norris (36) found that a liver paste, practically 
devoid of choline or betaine, greatly reduced the requirement of the chick 
for methylating compounds. They concluded that either transmethylation 
was more efficient in the presence of an adequate intake of animal protein 
factor or that a deficiency in animal protein factor increased the require- 
ment for methy] groups. 

Schaefer, Salmon & Strength (37), at about the same time, observed that 
vitamin By, decreased the requirement of the chick for choline. Jukes, 
Stokstad & Broquist (38) studied the effect of methionine and homocystine 
on the growth of chicks maintained on a diet deficient in vitamin By and 
methionine. Homocystine, with or without betaine, did not promote growth; 
the chicks however, responded to the addition of methionine. When vitamin 
By. was administered a growth response was elicited from methionine, 
homocystine or homocystine plus betaine. Thus, these findings indicated 
that vitamin By. was needed for the transformation of homocystine to 
methionine by the chick. Vitamin Biz, however, was essential for growth 
and survival of chicks even in the presence of methionine and choline. 

Schaefer, Salmon & Strength (39) found that vitamin By reduced the 
incidence and severity of renal damage in rats maintained on diets low in 
methionine and choline. Vitamin By, had growth-promoting activity in the 
absence but not in the presence of an optimal intake of choline. 

Bennett (40) reported that vitamin B,. combined with folic acid pro- 
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moted growth in rats fed a “labile methyl’’-free diet. This finding confirms 
her earlier observations with crude anti-pernicious anemia liver extracts. 
Refined liver extracts, which were practically devoid of folic acid, did not 
show this effect. 

Stekol et al. (41) observed that rats grew on a diet that was free of 
methionine, choline, and betaine but contained homocystine, or homo- 
cysteine. Growth was poor in the presence of methionine if vitamin By: were 
omitted. 

Stekol & Weiss (42) maintained thirty-day old or older rats on diets free 
from labile methyl groups and containing homocystine but without vitamin 
By. Growth was stimulated in such animals by the addition of vitamin Bi. 
Rats aged 24 days or less usually failed to survive on the labile methyl-free 
diet in spite of the presence of vitamin By, and in most cases developed 
hemorrhagic kidneys. The animals succumbed presumably because bio- 
synthesis did not meet the rats’ needs. 

Oginsky (43) reported that the livers from vitamin By.-deficient rats 
exhibited a lower ability to form methionine from homocystine and either 
choline or betaine than did the livers from animals dosed with vitamin Bis. 

DuVigneaud, Ressler & Rachele (44) conducted crucial experiments with 
germ-free rats fed a choline-free diet and supplied with deuterium oxide 
in the drinking water. Folic acid and vitamin By. were supplied in the ration. 
These studies demonstrated conclusively that methyl groups were syn- 
thesized by the tissues of the animal itself, not by intestinal bacteria. 

Sakami (45) found that when C™ methyl-labeled acetone was admin- 
istered to rats, radioactivity was found in the B-carbon of the isolated serine 
and in the methyl carbons of choline and methionine. Thus, acetone served 
as a source of methyl groups. When the 6-carbon of serine served as an 
indicator, it was shown that the B-carbon was not formed from formate via 
acetate. It was suggested that formate served as an intermediate in the 
synthesis of labile methyl groups. 

Welch & Sakami (46) detected methyl-labeled methionine in the tissues 
of rats injected with C'-formate. This synthesis was also shown to occur 
in vitro, since when methionine and choline chloride were isolated from rat 
liver slices incubated in the presence of C'-formate, homocysteine, di- 
methylaminoethanol, folic acid, and vitamin By, the methyl groups of both 
methionine and choline were found to contain radioactivity. 

Mackenzie (47) isolated radioactive formaldehyde and carbon dioxide 
from liver slices and homogenates incubated with C™ labeled sarcosine. 
Collateral experiments demonstrated that the methyl groups of methionine 
and betaine contributed to sarcosine formation in the rat. 

Siekevitz & Greenberg (48) reported the production of formaldehyde 
and formate from the methyl groups of choline and methionine, and from 
the B-carbon of serine and the a-carbon of glycine. They demonstrated that 
formate was reduced to form the methyl group of methionine in vivo and 
in vitro. Du Vigneaud & Verly (49) and du Vigneaud, Verly & Wilson (50) 
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found that methy!] alcohol, as well as formaldehyde and formate may serve 
as precursors of labile methyl! groups. 

It is possible that vitamin By. and folic acid act in a catalytic capacity in 
effecting the biosynthesis of compounds containing labile methyl groups 
from a one-carbon atom intermediate. 

Liver extract was reported by Hall & Drill (51) to be much more active 
as a lipotropic agent than could have been expected from its content of 
choline alone. A vitamin B,2. concentrate had lipotropic activity in rats fed a 
diet of moderate protein and high fat content [Drill & McCormick (52)]. 
Employing a ration in which yeast served as the sole source of protein, 
Gyorgy & Rose (53) found that vitamin By: was without effect upon the 
massive hepatic necrosis. However, vitamin B,, possessed significant lipo- 
tropic activity in rats maintained on a ration low in both protein and fat. 

Koch-Weser, Szanto, Farber & Popper (54) have extended their earlier 
findings on the protective effect of vitamin B,2 concentrate upon the hepatic 
injury produced by carbon tetrachloride. The bromsulfalein retention, 
increase in liver weight, and increase in total liver lipids due to the admin- 
istration of carbon tetrachloride to rats were decreased by priming the 
animals with a vitamin By concentrate. However, vitamin By, was without 
effect in curative experiments. Prior administration of vitamin By con- 
centrate increased the lethal dose of carbon tetrachloride. 

Vitamin By. was found by Mushett (55) to have a -protective effect 
against a single oral dose of carbon tetrachloride. When both carbon tetra- 
chloride and vitamin By were given daily for a period of three weeks, vitamin 
Biz failed to prevent the hepatic changes even when given in very high 
dosage (200 wg. daily). Rats receiving vitamin By grew at a faster rate 
than did the rats not receiving the vitamin. 

Vitamin By. was without effect in facilitating liver regeneration in par- 
tially hepatectomized rats which had been conditioned either by the feeding 
of a diet devoid of protein or of a ration deficient in animal protein [Vars, 
Karn & Ferguson (56)]. 

Vitamin Bz was completely devoid of toxic manifestations when admin- 
istered intravenously or intraperitoneally to mice in a single dose of 1,600 
ing. per kg. [Winter & Mushett (57)]. 

The fate of vitamin By, following intramuscular and oral administration, 
was studied by Chow and co-workers (58) in normal subjects and in pa- 
tients with pernicious anemia. Vitamin By, was not detectable in the urine 
following the oral administration of 500 ug. of the vitamin. Intramuscular 
injection invariably resulted in a striking increase in the urinary excretion 
of vitamin By both in normal subjects and in patients with pernicious 
anemia. 

Animal nutrition.—The role of vitamin Biz in reproduction has been in- 
vestigated by Schultze (59) who raised rats through four successive genera- 
tions on a diet containing 24 per cent protein in the form of a soybean 
preparation supplemented with d/-methionine. The addition of vitamin By 











to the 
food» 
urem 
conta 
to th 
A 
mort 
wean 
obser 
& Zu 
pictu 
a 
prince 
sen tis 
sprin 
contr 
\ 
grow 
highe 
hydr. 
S 
grow 
as th 
creas 
with 
effec’ 
J 
By} 
A 
phen 
Bue. . 
By, 
quar 
A 
Bar 
vital 
grow 
the < 
7 
mate 
defa 
coun 
soyh 
Elve 


| 





rve 


y in 
ups 


tive 
t of 
da 
2)). 
ein, 
the 
| po- 
it. 

‘lier 
atic 
ion, 
nin- 
the 
lout 
-on- 


fect 
tra- 
min 
nigh 
rate 


par- 
ding 
‘ars, 


nin- 
,600 


jon, 

pa- 
rine 
ular 
tion 
ious 


1 in- 
era- 
ean 
L Bis 








WATER-SOLUBLE VITAMINS 567 





to the ration did not increase early post-weaning weights or the efficacy of 
food utilization. Schultze (60) also observed a high mortality due to acute 
uremia in the young from the mothers maintained on the soybean protein 
containing ration. The addition of liver extract or of condensed fish solubles 
to the diet of the mothers greatly increased the survival of the young. 

Attention has been called by Borson and co-workers (61) to the high 
mortality of vitamin By»-deficient rats immediately following birth and 
weaning. Death was associated with a leukopenia and granulocytopenia, an 
observation that was noted in animals on an all-vegetable ration by Zucker 
& Zucker in 1948 (62). Administration of vitamin By. restored the blood 
picture to normal and initiated a sustained increase in weight. 

Watts et al. (63) conducted a similar study with rats fed a diet composed 
principally of corn and soybean meal. Although the young appeared es- 
sentially normal, the weaning weights were consistently higher for the off- 
spring of females fed a vitamin Bj: concentrate than for the unsupplemented 
controls. 

McCollum & Chow (64) reported that vitamin By. exerted a greater 
growth-stimulating effect in second generation females than in males. The 
highest weight increments were observed in females fed a diet rich in carbo- 
hydrates. 

Stern & McGinnis (65) found that vitamin Bj: failed to stimulate the 
growth of young rats maintained on a diet in which soybean oil meal served 
as the sole source of protein. The weaning weights were significantly in- 
creased when aureomycin or streptomycin was added to the diet together 
with vitamin By. Aureomycin, streptomycin, and terramycin had a greater 
effect in stimulating post-lactation growth than did vitamin By, alone. 

Jaffé (66) raised mice through several generations on diets low in vitamin 
By; growth, however, was stimulated by the administration of vitamin By. 

An experimental anemia produced in mice by the administration of 
phenyl hydrazine responded to the parenteral administration of vitamin 
By. As the increase in red blood cells was a function of the level of vitamin 
By, the authors suggested that the procedure could be employed in its 
quantitative determination [Vijayaraghavan & Dunn (67)]. 

A decrease in the fat level of the diet was reported by Bosshardt, Paul & 
Barnes (68) to enhance the growth retardation in mice due to a deficiency ii 
vitamin By. This effect was further aggravated by high protein intakes. The 
growth retardation was partially counteracted by the feeding of fat or by 
the administration of vitamin By. 

The failure of rats, fed a sucrose-casein diet containing thyroid active 
material, to respond completely to vitamin By. was overcome by substituting 
defatted corn meal, corn starch or dextrin for sucrose. Corn oil tended to 
counteract, in part, the growth depression observed in rats fed a corn- 
soybean ration containing iodinated casein [Lewis, Tappan, Register & 
Elvehjem (69)]. 

The bioassay employing thyrotoxic rats maintained on the corn-soybean 
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ration was reported by Tappan and co-workers (70) to be in good agreement 
with the microbiological assay. 

Ershoff (71) observed a prolongation in the survival of hyperthyroid 
rats fed penicillin mycelia and aureomycin mash in conjunction with a diet 
containing casein. Crystalline aureomycin hydrochloride and supplements of 
all the known vitamins, including vitamin By, were without significant 
effect. Dried penicillin mycelia and yeast, while prolonging survival time, 
had little, if any, influence on growth or gonadal development. Liver residue 
and aureomycin mash not only prolonged survival but also promoted 
growth and ovarian development. 

The activity of various supplements in overcoming toxic levels of 
iodinated casein was investigated by Bolene, Ross & MacVicar (72) who 
found that fish solubles, two commercial animal protein factor (APF) sup- 
plements, and 1:20 liver powder were effective in counteracting the inhibi- 
tion of growth by iodinated casein. Similarly, vitamin Bz was reported to be 
effective in protecting against a lethal dose of thyroxine [Sure & Easterling 
(73)). 

Ershoff (74) found that the growth retardation produced in mice by 
massive doses of atabrine was partially counteracted by vitamin By, while 
extracted liver residue restored growth to normal. 

Vitamin By. was observed by Pentz, Graham, Ryan & Klein (75) to 
have a protective effect in maintaining thymus weights in. rats fed thyroid 
substance in conjunction with a diet in which the protein was supplied by 
soybean meal. Enlargement of the adrenals was not prevented by the 
administration of vitamin By. 

Moore et al. (76) reported in 1946 that sulfasuxidine and streptomycin 
singly or in combination led to increased growth in chicks receiving a basal 
diet in which casein served as the source of protein. Although their studies 
were carried out prior to the identification of vitamin Bj, as a member of the 
B complex, it is evident in light of recent investigations that the chicks 
employed by the Wisconsin group were adequately supplied with vitamin 
By. 

Carlson et al. (77) and Menge, Combs & Shorb (78) gave evidence for 
the presence of an unidentified factor(s) in certain source materials that 
stimulated growth in chicks fed a diet containing soybean meal proteins, 
over and beyond that observed with vitamin Bz and folic acid. 

Stokstad et al. (79) found that fermentation liquors of S. aureofaciens 
produced growth increments in chicks greater than observed with vitamin 
By alone. Early in 1950, Stokstad & Jukes (80) reported that aureomycin 
increased the growth of chicks raised on a diet devoid of animal protein but 
supplemented with vitamin Bi. Growth was also stimulated by cultures of 
S. aureofaciens in which the antibiotic spectrum of aureomycin had been 
changed by alkaline hydrolysis. Lesser responses were observed with sulfa- 
suxidine, streptomycin, and 3-nitro-4-hydroxyphenylarsonic acid. The fact 
that growth was stimulated by such widely different types of compounds 
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suggested that the growth produced by aureomycin was related to its effect 
on the intestinal flora. Another possible action was that of lowering the 
disease level, as suggested by Harned e¢ al. (81) in their report on the 
pharmacology of duomycin (aureomycin), which states: 


It is interesting to note that, although the average weight of the chicks in the two 
groups was the same at the start, at the end the birds on duomycin had an average 
weight of 99 grams as compared with 81 grams for the controls. Furthermore, the 
dosed chicks appeared to be more healthy than the controls and after six weeks this 
superiority was maintained. Apparently the duomycin had eliminated some infection. 


A number of antibiotics and sulfasuxidine were compared by Whitehill, 
Oleson & Hutchings (82) for their efficiency in promoting the growth of 
chicks. Only penicillin gave a response equivalent to that produced by 
aureomycin. The activity of aureomycin and penicillin was presumably 
related to their effect on the intestinal flora, since intravenous and intra- 
muscular injections of these antibiotics did not increase growth significantly. 

The influence of aureomycin on the vitamin By. requirement of the chick 
was investigated by Oleson, Hutchings & Whitehill (83) who found that 
each factor had a mutual sparing action on the other. Aureomycin was 
devoid of growth-stimulating activity in the absence of vitamin B,2; how- 
ever, aureomycin administration resulted in marked weight increases in the 
presence of sub-optimal or optimal intakes of vitamin By. A level of 2.1 to 
4.2 wg. per vitamin By per kg. of diet appeared to be necessary to incite 
the growth stimulatory effect of aureomycin which gave an enhanced 
weight response at levels as low as 5 mg. per kg. for ration. 

Berg, Bearse, McGinnis & Miller (84) studied the effects of adding and 
deleting vitamin By, and aureomycin from the diet of chicks. The birds re- 
ceiving vitamin By. for the first four weeks of life continued to grow at an 
apparently normal rate during the subsequent two weeks, even though 
vitamin Biz had been removed from the ration. The withdrawal of aureo- 
mycin from the diet resulted in a cessation of the accelerated rate of gain 
observed prior to omission of the antibiotic. The action of aureomycin in 
promoting increased growth was dependent upon the material being present 
in the diet continuously. 

An APF concentrate obtained as a by-product in aureomycin production, 
when fed at a level of 1 per cent in a soybean meal-containing diet, supported 
growth equivalent to that obtained with 4 per cent fish solubles under the 
same conditions [Sherwood & Couch (85)]. 

The effect of different carbohydrates on the growth of chicks was re- 
ported by Monson, Dietrich & Elvehjem (86). The order of weight response 
from greatest to least was: dextrin, cerelose, sucrose, and lactose. Omission 
of folic acid from the diets resulted in depressed growth in all groups: the 
decrease was the least in the chicks fed lactose. 

The role of vitamin By: in reproduction in poultry was studied by Lillie, 
Olsen & Bird (87) who found that the injection of vitamin By: into eggs laid 
by hens fed a vitamin By2-deficient diet improved hatchability. The chicks 
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hatched from eggs injected with vitamin By, showed better growth, lower 
mortality, and better feathering than did the chicks from control eggs. 

Bird (88) observed a reduction from 55.1 to 18.5 per cent of fertile eggs 
hatched from Rhode Island red hens fed a diet deficient in APF for 28 
weeks. The chicks from the depleted hens were dead by the tenth day. 
Chicks injected with 1 ug. of vitamin By: (concentrate) at hatching, on the 
seventh, and on the fourteenth days survived the 21-day experimental 
period. Variable mortality rates were observed in groups fed commercial 
APF concentrates. The chicks were unable to ingest a sufficient quantity of 
vitamin By: for survival during the first few days. 

Olcese, Couch & Lyman (89) found that the hatchability of eggs from 
hens fed a soybean protein diet, low in vitamin By, fell to zero in from three 
to six weeks. The addition of an APF concentrate from streptomycin fer- 
mentation resulted in improved egg production and hatchability, but failed 
to produce a response in growth comparable to that observed with a practical 
diet. The substitution of starch for sucrose in the purified ration brought 
about an increase in reproductive performance indicating that vitamin By 
and possibly unknown factor(s) had been synthesized by the intestinal flora. 
A decrease in hatchability in eggs, from hens fed for nine to ten weeks a 
sucrose-soybean protein diet containing optimal vitamin By. was noted, 
indicating that the depletion of an unknown factor(s) may have taken place. 
When a starch-soybean protein ration was employed, egg production and 
hatchability were superior to those observed with comparable groups fed 
diets containing sucrose. 

Liver fraction ‘‘L”” was found by Couch, Olcese, Sanders & Halick (90) 
to contain the factor(s) required for normal egg production in the chick. The 
presence of lesser amounts of the factor was demonstrated in dried whey 
and in an APF concentrate obtained as a by-product in aureomycin produc- 
tion. 

Carver & McGinnis (91) reported that the addition of an APF supple- 
ment (from aureomycin fermentation origin) at a level of 0.5 per cent of the 
basal diet increased hatchability from 30 to 80 per cent in a two-week 
period. Lower levels of the APF supplement supported high hatchability for 
hens that had given high hatchability during the pre-experimental period, 
indicating the influence of storage of essential nutrients upon reproduction. 
The inclusion of 2 per cent fish meal in the diet promoted normal hatchabil- 
ity. Torula yeast, on the other hand, when fed at the same level, was devoid 
of activity. 

Olcese, Couch, Quisenberry & Pearson (92) observed a peak of em- 
bryonic mortality at the seventeenth day of incubation in eggs from hens 
fed a diet deficient in vitamin Biz. The most characteristic symptom of the 
deficiency was myoatrophy of the leg. A malposition of the embryo, perosis, 
and hemorrhage of the embryo and allantois were also observed. 

The need for vitamin By: in the normal development of primary and 
secondary sex characteristics in the cockerel was demonstrated by Gassner, 
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Patton, Wilgus & Charkey (93) by the feeding of a diet deficient in vitamin 
By and lysine. A failure in the morphological differentiation of testicular 
tissue and a decrease in comb growth were observed. Supplementation with 
an APF supplement obtained from streptomycin fermentation with or with- 
out lysine resulted in testicular development and in combs of usual size and 
color. 

Couch, Olcese & German (94) reported that the feeding of a ration con- 
taining approximately 20 ug. of Bis per kg. increased the Biz content (as 
measured by microbial assay with L. leichmannii 4797) of the liver five-fold 
and of the kidneys two-fold, with a slight increase in the pancreas and no 
change in the vitamin By content of the spleen. Alfalfa appeared to inhibit 
the growth of chicks and to result in a decrease in the tissue levels of vitamin 
By. even when the diet was supplemented with large amounts of vitamin By;. 

Peterson (95) has reported that the growth-depressing factor in alfalfa 
appears to be a saponin. The inhibitory effect of alfalfa concentrates could 
be largely counteracted by cholesterol. 

Microbiological assays (L. leichmannit) of alfalfa for vitamin By. con- 
ducted by Bickoff, Livingston & Snell (96) showed that the dehydrated meal 
contains 12 to 45 parts per billion; however, paper partition chromatography 
indicated that more than 85 per cent of the total apparent activity was due 
to factors other than vitamin By. The factors responsible for the apparent 
vitamin By, activity in microbiological assays did not replace vitamin By: for 
chick growth. 

Studies on growth stimulating factors in fractions obtained from refined 
liver paste dialysate by Combs et al. (97) indicated the presence of four un- 
identified factors which promoted the rapid early growth of chicks. Micro- 
biological assays with L. leichmannii suggested that two of these factors 
were different forms of vitamin B,2. The two unknown factors appeared to 
have a mutual supplementary effect in promoting the growth of chicks. 

The toxic effects of high intakes of glycine by the chick could be over- 
come by vitamin By indicating that vitamin By functions in the metabolism 
of glycine [Menge & Combs (98)]. 

The role of vitamin By. and antibiotics in the nutrition of swine has been 
studied by a number of investigators. Nesheim, Krider & Johnson (99) 
found that the oral vitamin By. requirement of the baby pig fed a ‘‘synthetic 
milk” containing soybean meal protein was approximately 20 ug. per kg. of 
dry ration. The requirement by injection was about 0.6 wg. vitamin Bis per 
kg. of body weight daily or essentially one-half of the oral requirement. 
Anderson & Hogan (100) estimated that the oral vitamin By need of the 
young pig, fed a casein-containing diet, was 0.26 wg. per kg. daily of body 
weight, or not more than 15 yg. per kg. of ration. Pigs supplied with fortified 
cow’s milk grew more rapidly than did those receiving vitamin By, thus 
suggesting that an unrecognized vitamin was essential for optimal nutrition. 
The same investigators (101) reported that swine can complete a normal life 
cycle on diets containing no unrecognized vitamins. 
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Cunha and co-workers (102) found that pigs maintained on a diet con- 
sisting principally of yellow corn and peanut meal grew slowly and gave 
no response to a vitamin By2 concentrate, while an APF supplement from 
aureomycin fermentation promoted growth. Jukes et al. (103) reported that 
crystalline aureomycin stimulated growth under similar conditions. Wahl- 
strom, Terrill & Johnson (104) observed the effect of antibiotics on the 
growth of pigs receiving optimal intakes of vitamin Biz. Aureomycin stimu- 
lated growth but did not decrease the coliform, lactobacilli, or yeast cells 
in the feces. Sulfathalidine reduced the number of coliform bacteria but had 
little effect upon growth. Penicillin likewise failed to stimulate growth. 

Nesheim & Johnson (105) observed that streptomycin stimulated the 
growth of baby pigs fed synthetic milk containing sulfathalidine and effected 
an economy in food utilization. 

The influence of vitamin Bj. on the weights of weanling pigs maintained 
on a corn-peanut meal basal ration was investigated by Burnside et al. (106) 
who reported that vitamin Bz, when administered either orally or parenter- 
ally, was without effect upon the growth of eight-week old pigs. An APF 
supplement obtained as a by-product from aureomycin fermentation stimu- 
lated growth, lowered the disease level of the animals, and promoted bloom. 
The authors suggested that the APF supplement contained a growth- 
promoting factor in addition to vitamin B,, and aureomycin. 

Carpenter (107) reported that weaned pigs fed a diet of natural feed- 
stuffs including animal tankage may respond to additional vitamin By in 
the diet. Growth was further stimulated by the feeding of an APF concen- 
trate containing aureomycin or by aureomycin alone. Aureomycin at a level 
of 1.25 gm. per 100 lb. of feed gave the same growth as did an equivalent 
amount of an APF concentrate from aureomycin fermentation or a combina- 
tion of vitamin By. concentrate from the streptomycin process and crystal- 
line aureomycin. 

Edwards, Cunha & Meadows (108) found that 1 per cent of an APF sup- 
plement (containing 6 mg. of aureomycin per gm.) supplied an optimal 
quantity of the antibiotic for the growth of young pigs. The APF supplement 
contained factor(s) other than aureomycin and vitamin By. which had 
growth-stimulating activity. 

An APF concentrate from aureomycin fermentation was reported by 
Cunha et al. (109) to promote efficient utilization of protein by swine. 

It is of interest to note that Speer and co-workers (110) found that the 
addition of 5 or 10 mg. of aureomycin per Ib. of basal ration failed to in- 
crease the daily weight gains of healthy pigs or to improve their feed eff- 
ciency. The addition of APF (Lederle liquid) improved the weight gain of 
healthy pigs. The failure of aureomycin might be explained by the ‘‘disease 
level’ theory. The improvement brought about by the feeding of APF could 
be explained by the additional vitamin By. and/or its content of unidentified 
growth factors. 

Cunha and associates (111) reported that a vitamin B,3 concentrate 
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prepared from Distillers’ Solubles had growth-promoting activity in weanling 
pigs fed their corn-peanut meal ration supplemented with methionine and 
vitamin By. 

The administration of animal protein factor concentrate containing 
aureomycin to young lambs resulted in a depression of growth; crystalline 
aureomycin had a like effect. The bacterial counts of the lambs receiving 
aureomycin were much higher than for the untreated controls [Colby, Rau 
& Dunn (112)]. When an animal protein factor concentrate, containing 4 mg. 
per gm. of aureomycin, was fed to young lambs, growth and feed consump- 
tion were decreased during the post-suckling period (113). 

The effect on growth and scours in calves of an APF concentrate con- 
taining aureomycin and of crystalline aureomycin was investigated” by 
Loosli & Wallace (114). The calves receiving the supplements grew more 
rapidly and showed a lower incidence and severity of diarrhea than did the 
unsupplemented controls. 

Clinical studies —The effectiveness of vitamin By: in controlling the 
hematologic, neurologic, and glossal manifestations of pernicious anemia has 
been confirmed repeatedly. The reader is referred to recent papers by 
Ungley & Campbell (115), Girdwood (116), Strauss (117), Mueller, Jarrold, 
Hawkins & Vilter (118), Bethell (119), and Spies et al. (120), which sum- 
marize the status of parenteral vitamin By, therapy in the treatment of 
macrocytic anemias. 

Norén (121) has reported that nine patients who showed allergic reactions 
after therapeutic liver injections and had strongly positive skin reactions to 
several commercial liver extracts gave negative skin reactions when tested 
with pure vitamin By. This observation appeared to indicate that “allergic 
reactions in parenteral liver therapy are not usually caused by the pure 
anti-anemic factor itself.” 

Evidence continues to support previous reports that folic acid rather 
than By is the vitamin of choice in the treatment of the megaloblastic anemia 
of infancy as all cases do not respond to vitamin By. Luhby & Wheeler (122) 
considered the chief factors concerned with the production of the anemia 
are diet, infection, and a low vitamin C intake. They feel that these factors 
operate by reducing or keeping at a low level the folic acid reserves which 
may be available for blood formation. Sturgeon & Carpenter (123) although 
reporting the favorable response of five cases of megaloblastic anemia of 
infancy to By: suggested the possibility of an interaction of vitamin Buy, 
vitamin C, and possibly folic acid. 

Ungley & Thompson (124) and Furman et al. (125) have reported the 
failure of pernicious anemia of pregnancy to respond to vitamin By: subse- 
quent successful treatment was achieved with folic acid. 

The parenteral requirement of vitamin By, for the maintenance of pa- 
tients with pernicious anemia does not appear to exceed 0.5 to 1.0 yg. daily. 
The oral dose is not constant, probably due to the fact that deficiency of the 
intrinsic factor in patients with pernicious anemia is not always the same. 
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Hall (126) administered 5 to 100 yg. daily of vitamin By per os to 16 pa- 
tients for a period averaging ten days, with variable and unpredictable 
results. A single dose of 1,000 yg. of vitamin By2 concentrate elicited only a 
sub-optimal response. 

Berk et al. (127) observed in 1948 that the oral administration of 5 yg. of 
vitamin By. was without effect on the reticulocyte and erythrocyte counts 
of patients with pernicious anemia, but that significant responses were seen 
when normal human gastric juice was given together with the vitamin By. 
Hall and co-workers (128) found that the daily dosage of vitamin By was 
5 or 10 wg. when given in conjunction with concentrates of intrinsic factor 
prepared from the stomach and duodenum of swine. Extracts of the duodenal 
mucosa appeared to have greater potentiating activity on vitamin By 
administered orally than did extracts of the entire duodenum. Meyer, Krim 
& Sawitsky (129) made similar observations. An oral dose of 10 ug. of vitamin 
By daily in conjunction with 2 gm. of swine duodenal mucosa gave a satis- 
factory hematologic and clinical response in two patients with pernicious 
anemia. Ungley (130) reported that 5 yg. of vitamin By. daily was more 
effective by injection than 1,920 yg. given orally over 24 days; however, 
when 50 cc. of normal unfiltered gastric juice was added to 5 wg. of vitamin 
By, a satisfactory response was obtained. It was necessary to give 50 ug. of 
oral By to obtain an effect equal to that of 10 wg. of parenteral By. The 
intrinsic factor activity was removed by Seitz filtration. 

Spies et al. (131) observed clinical and hematologic improvement in one 
patient with pernicious anemia, two with tropical sprue and one with nu- 
tritional macrocytic anemia given a reaction product of 9 wg. of vitamin Bis 
and 0.33 gm. of a concentrate from hog duodenum daily for 10 days. The 
responses, however, were not as dramatic as following parenteral therapy 
with vitamin By or oral treatment with folic acid. Oral doses of 5 to 10 ug. 
of vitamin By were reported by Goldsmith (132) to have no effect in two 
patients with pernicious anemia and two patients with nutritional macro- 
cytic anemia, but to stimulate hematopoiesis in two patients with sprue. 

Wolf, Wood, Valiant & Folkers (133) could find no evidence for a chemi- 
cal reaction between crystalline vitamin By: and normal gastric juice. 
Similarly, Dyke, Hind, Riding & Shaw (134) have reported that the vitamin 
By growth-promoting activity for L. lactis Dorner and L. leichmannii in 
meat is not increased by incubation with normal gastric juice. 


Fotic AcID OR PTEROYLGLUTAMIC ACID AND THE CITROVORUM FACTOR 
OR Foutinic AcID 


Folic acid or pteroylglutamic acid.—Allfrey & King (135) have described 
the results of fractionation by ammonium sulfate of yeast autolysates, sup- 
plemented by electrophoretic studies, which indicate the presence of a 
specific folic acid-protein complex. A method was devised for the prepara- 
tion of protein fractions containing about’ 160yg. of folic acid (as the hexa- 
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glutamate) per gram of protein. A modified colorimetric method has been 
found advantageous by Ganguly (136) for the determination of pteroyl- 
glutamic acid and related compounds in liver extracts. In this procedure, 
pteroylglutamic acid is quantitatively precipitated by barium chloride at 
pH 8 in the presence of ethanol. Paper chromatography of some synthetic 
pteridines was studied by Renfrew & Platt (137). They used an n-butanol- 
morpholine-water (3:1:3 by volume) system and found that 4-amino 
derivatives move more rapidly than the 4-hydroxy analogues, For deriva- 
tives containing a carboxyl group, development with 3 per cent aqueous 
ammonium chloride brought out a similar difference. Dihydro-2-amino-4- 
hydroxy-6-pteridinealdehyde obtained from the sulfite cleavage of folic 
acid has been recondensed with N-(p-aminobenzoxy)-.L-glutamic acid to 
yield folic acid, according to Weygand, Schmied-Kowarzik, Wacker & Rupp 
(138). This cleavage reaction was also applied to the pteroyl derivatives of 
aspartic acid and aniline. Two preparative methods of synthesis for 2-amino- 
4-hydroxy-6-pteridinecarboxaldehyde have been given by Waller and co- 
workers (139). The first method is the sulfite cleavage of pteroylglutamic 
acid, and the second method consists of the dibromination of 2-amino-4- 
hydroxy-6-methylpteridine and subsequent hydrolysis. 

An improved synthesis of pteroylglutamic acid has been described in 
detail by Uyeo, Mizukami, Kubota & Takagi (140). They added sodium 
bisulfite to the reaction medium containing 2,4,5-triamino-6-hydroxy- 
pyrimidine, p-aminobenzoyl-L-glutamic acid and 1,1,3-trichloroacetone, and 
observed an increase in the yield of pteroylglutamic acid from 1.4 per cent 
(85 per cent purity) to 37 per cent (80 per cent purity). 

A series of 4-alkylaminopteroylglutamic acid derivatives including the 
4-dimethylaminopteroylglutamic acid and its 10-methyl derivative, 4-(1- 
piperidyl)-pteroylglutamic acid and 4-methylaminopteroylglutamic acid, 
were prepared by Roth, Smith & Hultquist (141). 4-Aminopteroylglutamic 
acid is a recognized potent antagonist, but substitution of the 4-amino 
group decreases its activity. The 4-alkylamino derivatives were readily 
converted to pteroylglutamic acid by anaerobic alkaline hydrolysis. 

Pteroaminoadipic acid has been prepared by the condensation of p- 
aminobenzoyladipic acid with 2,4,5-triamino-6-hvdroxy pyrimidine and 2,3- 
dibromopropionaldehyde [Kirsanova & Trufanov (142)]. This substance 
was one-ninth as active as folic acid for Lactobacillus casei and one-fifteenth 
as active for Streptococcus faecalis. It was one-tenth to one-fifth as active as 
folic acid in mice and one-twentieth as active in chicks. 

Gal has synthesized new 2-mercaptopteridines (143) and new 2-methyl- 
pteridines (144). The 2-mercaptopteridines were of interest in connection 
with tumor-growth influencing properties of folic acid analogues and some 
pteridines. The 2-methylpteridines were of biological interest because of the 
analogous structure which exists in thiamine. 

Binkley (145) has found that thionase, the enzyme which participates 
in the cleavage of cystathionine and cysteine, is activated by folic acid. 
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Neither adenylic acid, adenosinetriphosphate, diphosphopyridine nucleo- 
tide, nor vitamin By: activate the enzyme. 

Many preparations of folic acid were found to exert an inhibitory effect 
on xanthopterin and xanthine oxidase, and this effect appears to be due to an 
impurity which is 2-amino-6-formyl-4-hydroxypteridine [Kalckar, Kjeld- 
gaard & Klenow (146)]. The inhibitor is destroyed by irradiation with light, 
reduction with zinc, or by reaction with 2,4-dinitrophenylhydrazine. 

Aminopterin and A-methopterin have been shown to inhibit the incorpora- 
tion of C“ from formate into nucleic acids and nucleic acid purines accord- 
ing to Skipper, Mitchell & Bennett (147). Although incorporation of CO, 
into purines was partially blocked, no decrease in tissue fixation of carbon 
dioxide was observed. 

When xanthopterin and glucose are heated in aqueous solution, a product 
is formed which with p-aminobenzoxyglutamic acid can supply the folic 
acid requirement of L. casei and S. faecalis. It was not concluded by Elion, 
Hitchings, Sherwood & VanderWerff (148) that the microorganism syn- 
thesizes folic acid under these conditions. Some discrepancies were seen for 
such a conclusion. 

It was discovered by Gaines & Totter (149) that dehydroisoandrosterone 
acetate has folic acid-like activity for both S. faecalis and L. casei and is 
capable of stimulating the growth of E. coli in the presence of inhibiting 
levels of sulfanilamide. The growth activity of this steroid differs from that 
of thymine but is of the same order of magnitude. This observation appears 
to be a noteworthy one. 

The lipotropic activity of folic acid in rats maintained on purified diets 
containing 18 per cent casein and 12 per cent fat has been demonstrated by 
Kelley, Totter & Day (150). This effect was also observed in animals receiv- 
ing a similar diet, but containing 10 per cent glycine or 10 per cent glycine 
and 4 per cent ribonucleic acid. The cholesterol content of the livers was 
elevated when both glycine and ribonucleic acid were added to the ration. 
The increase in liver cholesterol was prevented by the feeding of folic acid. 
The phospholipid content of the livers of rats receiving glycine was slightly 
lower than for the controls. This reduction was prevented by folic acid. 

Plaut, Betheil & Lardy (151) induced folic acid deficiency in rats by the 
feeding of a diet containing 2 per cent succinylsulfathiazole. Pair-fed controls 
were given folic acid for four days. Formic acid containing C was admin- 
istered intraperitoneally to all animals. The folic acid-treated rats fixed 
about ten times as much C* into liver protein and three times as much into 
viscera protein as did the deficient animals. Amino acids were isolated from 
these proteins and it was found, as observed by Sakami (152), that the car- 
bon of formate was incorporated predominately into the B-carbon of serine. 

Elwyn & Sprinson (153) studied the utilization of N™-L-serine and glycine 
for hippuric acid formation in normal rats and in rats in which a folic acid 
deficiency was induced by the feeding of a purified diet containing succinyl- 
sulfathiazole and ‘“‘methylfolic acid.”” Folic acid replaced ‘“‘methylfolic acid” 
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in the diet of controls. The rate of conversion of serine to glycine was reduced 
to one-sixth of the normal value in the deficient animals. 

Lillie, Combs & Briggs (154) reported that the minimum folic acid re- 
quirement for normal hatchability in New Hampshire pullets fed a practical 
ration was within the range of 26 to 34 wg. per 100 gm. of diet. A practical 
ration containing the higher level of folic acid was adequate for normal egg 
production, fertility, and hatchability. Additional folic acid slightly in- 
creased the hemoglobin levels. Male progeny appeared to be more sensitive 
than females to a folic acid deficiency in the maternal diet from the stand- 
point of feather pigmentation and feather structure [Lillie, Combs & Briggs 
(155)]. 

Cunha, Hodgskiss, Rasmussen & Colby (156) found that folic acid sup- 
plementation increased the rate of gain and the efficiency of feed utilization 
in young pigs fed a ration containing 14.3 to 15.1 per cent protein. Aug- 
menting the folic acid content of the diet was without benefit in increasing 
the rate of gain in pigs receiving rations containing 16.4 to 18.4 per cent 
protein. 

Cartwright e¢ al. (157) have produced a nutritional macrocytic anemia 
in swine by the feeding of a purified diet containing ‘“‘crude methy]”’ folic 
acid and succinylsulfathiazole. The administration of vitamin By, of 
proteolyzed liver, of Marmite (autolyzed yeast extract), of crude desoxy- 
ribonucleic acid, or of crude ribonucleic acid produced only a slight hemo- 
poietic response. This deficiency was corrected by the administration of 
folic acid. 

Johnson and co-workers (158) produced a combined deficiency in vitamin 
By and folic acid by the feeding of ‘‘x-methyl”’ folic acid in conjunction with 
a diet containing soybean meal protein. The folic acid antagonist was added 
to the ration after the animals had been on test for three weeks. Following a 
two-weeks’ feeding of the ‘“‘x-methyl”’ folic acid, the bone marrow became 
depleted, especially in erythroid elements, and numerous basophilic normo- 
blasts and erythroblasts appeared. The blood and bone marrow returned to 
normal following the administration of either crystalline vitamin By, or folic 
acid. Vitamin By therapy resulted in optimum growth, while folic acid 
treatment gave only temporary and suboptimal increments in weight. 

Folic acid antagonists have been employed extensively as chemothera- 
peutic agents in the treatment of experimental and clinical malignancies, 
particularly the acute leukemia of childhood. 

Stock and co-workers (159) have investigated the effect of nearly 300 
analogues of folic acid and simpler related compounds (pteridines, pyrimi- 
dines, and.purines) upon a variety of experimental tumors. Several of the 
folic acid antagonists had an adverse effect upon tumor tissue. Some tumors 
were not affected by compounds that were markedly inhibitory to other 
tumors. Toxic manifestations of the active compounds were evident in the 


host, and growth of tumor tissue was resumed following withdrawal of the 
drugs. 
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Burchenal, Robinson, Johnston & Kushida (160) have pointed out that 
mice transplanted with leukemia Ak4, although showing a marked prolonga- 
tion of survival time when treated with 4-amino-N!°-methyl folic acid, 
succumb to the disease. These investigators developed a drug-resistant sub- 
line in Akm mice by transplanting splenic tissue from mice dying of leukemia 
Ak4, despite continued therapy with the folic acid antagonist. 

Burchenal, Babcock, Broquist & Jukes (161) have shown that the citro- 
vorum factor is at least 12 to 24 times as active as folic acid in preventing the 
anti-leukemic effect of 4-amino-N?°-methy] folic acid. 

The use of folic acid analogues in the treatment of acute leukemia in 
children has been reviewed in recent publications by Heinle (162), Pierce 
(163), and Sacks, Bradford & Schoenbach (164). The lives of certain patients 
with acute leukemia have been prolonged in some cases up to a period of a 
year or more. The chemotherapeutic effects of the anti-folic acid compounds 
have not been permanent, and death eventually occurred. The citrovorum 
factor reverses the toxic effects of folic acid antagonists in man, as demon- 
strated by Schoenbach, Greenspan & Colsky (165), who reported their ob- 
servations in two patients who had developed a leukopenia and ulcerated 
mouth lesions as a consequence of A-methopterin or aminopterin therapy of 
metastatic neoplasms. The patients were treated with synthetic citrovorum 
factor, without discontinuation of the anti-folic acid compound. The mouth 
lesions healed promptly and the leukopenia disappeared. As pointed out by 
these investigators, the citrovorum factor may prove to be a valuable clinical 
tool in controlling the toxic effects of folic acid antagonists in the treatment 
of certain neoplastic states. 

The citrovorum factor or folinic acitd.—lIt is of historical interest to note 
that Sauberlich & Baumann (166) in 1948 presented evidence based on 
microbiological assays for the existence of a new factor essential for the 
optimal growth of Leuconostoc citrovorum 8081. They concluded that ‘one 
might, therefore, postulate a similarity in structure between folic acid and 
the natural agents active in the organism... .” 

Attempts were made to synthesize certain derivatives of folic acid which 
might possess activity in replacing folinic acid for L. casei and L. citrovorum 
8081. It was found by Shive, Bardos, Bond & Rogers (167) that highly 
active material could be produced from synthetic folic acid by formylation 
followed by catalytic hydrogenation in the presence of ascorbic acid and 
finally autoclaving at elevated temperature. An amount of the reaction 
mixture equivalent to 0.00001 to 0.00004yg. of the original folic acid per cc. 
elicits half-maximal response with L. citrovorum 8081. 

The preparation of a crystalline synthetic product, which is active for 
L. citrovorum, has been reported. Pteroylglutamic acid or its N!-formy] 
derivative was catalytically hydrogenated, and the product was separated 
by adsorption and other techniques. A barium salt (C29H2:N707Ba-5H,0) 
was finally obtained in crystalline form. The synthetic product prevented 
the lethal effects of 4-aminopteroylglutamic acid [Brockman et al. (168)]. 
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Concentrates of the citrovorum factor, which were prepared from liver 
by Broquist, Stokstad & Jukes (169), were found to competitively reverse 
the inhibitory effects of 4-aminopteroylglutamic acid in both in vitro and in 
vivo experiments. Other biological and chemical properties of the citrovorum 
factor were described. 

Scheid & Schweigert (170) have investigated some factors affecting the 
potencies of vitamin By and of the citrovorum factor in liver extracts, beef 
liver, and beef round. Hot water extraction did not release bound forms of 
the citrovorum factor, but it did result in some liberation of bound forms 
of vitamin By. Enzymatic digestion resulted in a two to three-fold increase 
in the content of vitamin By, and the citrovorum factor. The effect of acid 
and alkali treatment was also studied. 

Concentrates of the citrovorum factor partially counteracted the in- 
hibitory action of aminopterin for the chick embryo, according to Cravens 
& Snell (171). Folic acid and formy] folic acid were ineffective. The viewpoint 
was developed that conversion of folic acid to the citrovorum factor is 
necessary for the catalytic action of folic acid. Synthesis of thymidine and 
one or more of the purine desoxyribosides is catalyzed by this factor and 
the synthesis is blocked by aminopterin. 

May, Sundberg & Schaar (172) have reported that 50 wg. of crude folinic 
acid (15 per cent) or 100 ug. of crude folinic acid (30 per cent) was as effec- 
tive as 15 mg. of folic acid in the treatment of an experimentally produced 
megaloblastic anemia in monkeys accompanying a deficiency of ascorbic 
acid. The effectiveness of the folinic acid was of particular interest in that the 
animals were scorbutic, and no ascorbic acid was given. 

Spies and co-workers (173) have found that folinic acid or citrovorum 
factor is an effective anti-anemic substance in the treatment of patients 
with pernicious anemia, nutritional macrocytic anemia, and tropical sprue. 

A growth factor for L. citrovorum in liver extracts and fermentation 
liquors from S. griseus was concentrated by Emery, Lees & Walker (174). 
The concentrates from both sources represented a ten-fold purification and 
contained vitamin By. After removal of the vitamin By, the residue ap- 
peared to have no activity against pernicious anemia, but possessed leuco- 
cyte-stimulating activity. 

Nichol & Welch (175) have found that rat liver slices, normal or folic 
acid-deficient, form in the presence of pteroylglutamic acid a factor which is 
required for the growth of L. citrovorum 8081; this is probably the ‘‘citro- 
vorum factor’ of Sauberlich & Baumann. The yield of the citrovorum 
factor, under these conditions, is augmented significantly by the addition of 
ascorbic acid. This finding is in keeping with the known clinical relationship 
of scurvy to the appearance of megaloblastic anemia in human infants and 
monkeys. Nichol & Welch (176) have also reported that the formation of the 
citrovorum factor from folic acid by rat liver slices was inhibited by aminop- 
terin. The antagonist not only prevented the metabolic alteration of folic 
acid, but also competed with the citrovorum factor derived from folic acid. 
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The lethal action of aminopterin in rats was not prevented by folic acid; 
citrovorum factor, however, completely counteracted the toxicity of the 
antagonist. 

It has been demonstrated by Winsten & Eigen (177) that incubation of 
folic acid with rat stomach homogenate leads to an increase in the amount 
of one growth factor for L. citrovorum. The evidence consists of data from a 
newly modified bioautographic analysis and from quantitative tube assays. 

The structure of folinic acid-SF (synthetic factor) has been described 
(178, 179) as 5-formyl1-5,6,7,8-tetrahydrofolic acid (VI). 
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PANTOTHENIC AciID, PANTETHEINE, AND OTHER BOUND ForRMs OF 
PANTOTHENIC ACID 


King & Strong (180) have given a preliminary account of their research 
on synthetic pantothenic acid phosphates. Diphosphopantothenic acid 
(VII) and the “gamma” phosphate (VIII) were prepared by reaction of 
diphenylchlorophosphonate with methyl pantothenate and pantothenic 
acid, respectively, and by subsequent removal of protecting groups. Pantoyl 
lactone was readily phosphorylated with diphenyl chlorophosphonate and 


CH9C(CH3)gCH-CO(NH)CH2'CHg°CO2H CH2C(CH3)gCH-CO(NH)CH2°CH2‘CO2H 
0 0 9 ou 
PO3H2 PO3H2 PO3H2 


Vil Vill 


the product was converted by hydrogenolysis to the crystalline lactone 
phosphate (IX). Reaction of the disodium salt of the lactone phosphate with 
sodium f-alanate gave the “alpha” phosphate (X). These phosphates of 
pantothenic acid were inactive for L. arabinosus. It appears that pantothenic 
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acid combines with other components (possibly including glutamic acid) 
and then is phosphorylated. The phosphates of pantothenic acid are stable 
in N sodium hydroxide at 100° for 1 hr. In contrast, pantothenic acid and 
its methyl ester are very alkali-sensitive. 

Salicylyl-B-alanide gave a nonspecific inhibition on the action of choline 
acetylase. Other pantothenic acid antagonists, including pantoyltaurine 
were without appreciable effect as observed by Martin, Brendel, Graff & 
Beiler (181). 

A chemical determination of pantothenic acid has been studied by 
Crokaert (182); it involves hydrolysis of the vitamin and colorimetric deter- 
mination of the liberated B-alanine with B-naphthoquinone-4-sulfonic acid. 
The hydrolyzate used in the determination must be free of interfering amino 
acids. 

Lindsay & Cheldelin (183) prepared a new analogue of pantothenic 
acid (a,y-dihydroxy-8,B-dimethylbutyryl-6’-N-methylalanide) which failed 
to stimulate the growth of L. arabinosus and LM yeast but possessed 5 to 18 
per cent activity for A. suboxydans. It appeared that N-methylpantothenic 
acid did not react with the cellular enzymes of L. arabinosus. 

An analogue of pantothenic acid, the sodium salt of N(a,y-dihydroxy-B,B- 
dimethylvaleryl)-8-alanine was reported by Shils (184) to prevent panto- 
thenic acid-deficient rats from responding normally to calcium pantothenate 
as measured by an acetylation test using sulfanilamide. 

Studies have been made on the ability of rats deprived separately of 
riboflavin and of pyridoxine to acetylate sulfanilamide. These deficiencies 
did not cause a significant change in acetylation as contrasted to the marked 
decrease found in pantothenic acid deficiency [Shils et al. (185)]. 

Nelson et al. (186) observed a decreased growth of the tibia with marked 
impairment of chondrogenesis, osteogenesis, and hematopoiesis in rats 
deprived of pantothenic acid. It is possible that these results may have been 
influenced by concomitant deficiencies in caloric intake and in folic acid. 

Singer & Davis (187) have reported that the graying of the hair produced 
in black or piebald rats by the feeding of a diet deficient in copper responded 
to the administration of either copper or calcium pantothenate, thus suggest- 
ing a metabolic interrelationship. 

Pantothenic acid and ascorbic acid have been repeatedly shown to have 
a special relation to the adrenal cortex. In continuation of their investiga- 
tions on the relation of the pantothenic acid to the adrenal, Dunn & Ralli 
(188) have found that a high intake of calcium pantothenate (4 mg. per day) 
increased the ability of both normal and adrenalectomized rats to with- 
stand the stress of swimming. 

An acute pantothenic acid deficiency was produced in adult rats by the 
administration of growth hormone in conjunction with a diet deficient in 
pantothenic acid. The deficiency was more severe when the ration was high 
in fat [Lotspeich (189)]. 

Luecke, McMillen & Thorp (190) have extended their studies in the pro- 
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duction of pantothenic acid deficiency in weanling pigs. Locomotive inco- 
ordination was produced by the feeding of a low protein ration containing 
corn and soybean meal supplemented with thiamine, riboflavin, nicotinic 
acid, and pyridoxine. 

Differential assays of free and total pantothenic acid with L. arabinosus, 
before and after suitable enzyme treatment, have been used by Neilands and 
co-workers (191) as a guide for the purification of bound forms of pantothenic 
acid from yeast and liver. The most highly purified preparations, which were 
obtained from concentrates of cyclophorase, contained 4 to 5 per cent of 
pantothenic acid, in the bound form. 

Experiments devised to concentrate bound pantothenic acid, as measured 
by differential L. arabinosus assay before and after suitable enzyme treat- 
ment, were described by Neilands et al. (192). Concentrates, obtained from 
liver and yeast, were separated into two fractions by solvent distribution. 
Each fraction contained a different bound form of pantothenic acid, both of 
which possessed typical coenzyme A activity. 

The pantothenic acid conjugate (PAC) was found in the non-dialyzable 
fractions of tissues. It contained glutamic acid and adenine in addition to 
pantothenic acid. PAC was as active as the free vitamin in supporting the 
growth of rats. Liver homogenates of rats receiving a diet supplemented 
with PAC had normal capacity for the formation of citrate [King, Strong & 
Cheldelin (193)]. 

A pantothenic acid conjugate was found by King & Cheldelin (194) to 
possess growth-promoting properties superior to those of the free vitamin 
for A. suboxydans, E. coli, and A. aerogenes. It was also more effective in 
reversing the inhibition of a-hydroxy-8,8-dimethylbutyryltaurine and 
pantothenic acid utilization by A. suboxydans. Pantothenic acid conjugate 
appeared to be one of the functional derivatives of pantothenic acid for these 
organisms. 

Nishi, King & Cheldelin (195) studied the free and bound pantothenic 
acid in the tissues of rats rendered deficient in pantothenic acid. The free 
vitamin represented only 3 to 16 per cent of the total pantothenic acid con- 
tent in control animals and less in the depleted rats. Approximately twice 
the percentage of free vitamin as combined was lost from the tissues during 
the depletion period. 

Certain strains of L. bulgaricus and L. helveticus were found in 1949 
by Williams, Hoff-Jgrgensen & Snell to require a nutrient present in yeast 
extract for normal growth. Evidence was summarized by Brown, Craig 
& Snell (196) which indicated that Lactobacillus bulgaricus Factor, LBF, is 
a bound form of pantothenic acid. Large amounts of pantothenic acid can 
replace LBF for L. helveticus 80. LBF is 75 to 500 times more active than 
calcium pantothenate for this organism. LBF concentrates were active for 
growth of L. arabinosus, and yielded B-alanine on acid hydrolysis and panto- 
thenic acid on digestion with a chicken liver enzyme. Digestion of coenzyme 
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A with intestinal phosphatase liberated a substance with LBF activity 
which is probably identical with it or at least closely related. 

McRorie, Masley & Williams (197) observed that relatively large amount 
of pantothenic acid produce maximum growth of L. arabinosus without the 
addition of LBF. The same interchangeability of pantothenic acid and LBF 
existed for L. helveticus 80 and L. bulgaricus 10 (A.T.C.C. no. 8018). LBF 
concentrates which contained no free pantothenic acid by yeast assay yielded 
large amounts of 8-alanine by hydrolysis with alkali. It was estimated that 
LBF of 1,000 units per mg. contained 2.7 per cent pantothenic acid. 

Evidence was described by McRorie, Sherwood & Williams (198) show- 
ing that concentrates of LBF will replace pantothenic acid in the nutrition 
of the rat. The quantitative effect of LBF appeared to be in excess of that 
expected on the basis of the bound pantothenic acid. 

Experiments on chick nutrition showed that all groups receiving LBF 
concentrate gained more in weight than did the controls. Furthermore, the 
groups on LBF showed lower death losses and appeared better groomed. 
These studies substantiated earlier reports on the wide distribution of LBF 
in nature [Rasmussen, Smiley, Anderson, Van Lanen, Williams & Snell (199)]. 

The chemical nature and synthesis of LBF was announced by the cooper- 
ating groups of Snell, Brown, Peters & Craig of the University of Wisconsin, 
and Wittle, Moore, McGlohon & Bird of Parke, Davis & Company (200). 
These investigators reacted a methyl pantothenate with 6-mercaptoethyl- 
amine and obtained a product, after partitioning and chromatography, 
which appeared to have structure XI. This product was not crystalline, but 


HOCH9C (CHg)gCH-CO(NH)CHg‘CH9°CO(NH)CHg'CH2SH 
OH 


XI Pantetheine 


seemed to be essentially pure. It showed 29,000 to 30,000 LBF units per mg. 
of solids and was indistinguishable from natural LBF in activity for L. 
helveticus, S. carlsbergensis, and L. arabinosus. The synthetic product and 
the natural LBF showed identical Rr values on paper in two solvent systems. 
It was concluded that LBF may exist as N-(pantothenyl)-8-aminoethanethiol 
(XI) or as the corresponding disulfide (XII). Pantetheine and pantethine 


[HOCH 2C (CH3)2CH-CO(NH)CH9°CH2CO(NH)CH9°CH9S}9 
OH 


XII Pantethine 


were suggested as designations for the sulfide and disulfide, respectively. 
Partial structure (XIII) was proposed for coenzyme A on the basis of 
enzyme degradations carried out by Novelli, Kaplan & Lipmann (201). 
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XII 


RIBOFLAVIN 


The conditions for the production of riboflavin by Eremothecium ashbyii 
have been reported by Chin (202). Riboflavin production for commercial 
preparation by fermentation using Ashbya gossypii has been studied by 
Tanner, Vojnovich & Van Lanen (203) and by Pfeiffer, Tanner, Vojnovich & 
Traufler (204). The latter group of investigators conducted experiments upon 
a pilot plant scale. The yeast species, Candida guilliermondia and Candida 
flareri, were found to produce high yields of riboflavin on a simple synthetic 
medium of low cost by Levine et al. (205) A riboflavin-producing mutant 
yeast was examined by Mitra (206). 

Yoshihara (207) has studied the relation between the growth of L. aci- 
dophilus and the composition of the medium in regard to a microbiological 
assay for riboflavin. Similar studies using L. casei have been made by Kawa- 
saki & Motoyama (208). A chemical estimation of riboflavin in blood has 
been made by Gourevitch (209), and a micro-determination of riboflavin by 
synthetic cation-exchange resins has been devised by Fujiwara & Shimizu 
(210). 

A study of the fluorescence of riboflavin and flavin adeninedinucleotide, 
as well as the effect of different quenchers on riboflavin, has been made by 
Weber (211). Riboflavin was determined polarographically by Portillo & 
Varela (212) by comparing the height of a polarographic wave produced by 
a solution of liver extract and potassium chloride with the wave produced 
by adding a known amount of riboflavin to the solution. No interference 
from certain other compounds was found. Using plant material, Roth (213) 
has further developed the lumiflavin method of the fluorometric determina- 
tion of riboflavin. This procedure is 20 times as sensitive as the colorimetric 
method and is not affected by traces of yellow compounds. 

An interesting paper on the possibility of riboflavin as a fluorescent pig- 
ment being involved in phototropism has been published by Galston (214); 
he concluded that studies must be made on the possibility that the ubiqui- 
tous flavins may be important photoreceptors in biological systems other 
than higher plants. 

A very water-soluble derivative of riboflavin which seems to have a com- 
position of Cyz7HigN,Oi3S3Ca has been reported by Stone (215), and a similar 
water-soluble riboflavin sulfate ester was made by Schoen & Gordon (216). 
Tryptophan has been used as a solubilizing agent for riboflavin by Harte & 
Chen (217). 


A modified synthesis of riboflavin was described by Berezovskii, Kurdyu- 
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kova & Preobrazhenskii (218) who reacted 3,4-xylidine and D-arabinose 
and, after hydrogenation, obtained 3,4-dimethylphenyl-p-ribamine in 13 per 
cent yield. This product was then converted stepwise into 1-(D-ribitylamino)- 
6-phenylazo-3,4-dimethylbenzene (80 per cent yield) and finally pure ribo- 
flavin (71 per cent) by appropriate reactions and purification. 

6,7-Diethyl-9-(p-1’-ribityl)-isoalloxazine, which has two ethyl groups in 
place of the two methyl groups of riboflavin, has been synthesized by Lam- 
booy (219). This riboflavin analogue is capable of supporting the growth of 
L. casei and the preliminary studies indicated that it may be equal to ribo- 
flavin in this respect at limiting levels. 

Reaction of riboflavin with phosphory! chloride in pyridine containing 
water yields a cyclic phosphate, riboflavin-4’,5’-phosphate. Acid hydrolysis 
of the cyclic ester yielded riboflavin-5’-phosphate which is identical with the 
natural riboflavin phosphate. This information by Forrest & Todd (220) 
provides a preparative method for riboflavin-5’-phosphate, and clarifies the 
original investigation of the direct phosphorylation of riboflavin by Kuhn & 
Rudy (221). 

Homogenates of rats’ liver, and preparations from rats’ livers, have 
been found by Whitby (222) to convert riboflavin into a flavin which is 
chromatographically different from riboflavin and the flavin mono- and di- 
nucleotide. The reaction appeared to be enzymatic, and indications are that 
the modification has occurred in the ribity] side-chain. 

The daily requirement of man for riboflavin was estimated by Horwitt 
and co-workers (223) on the basis of a correlation between the urinary excre- 
tion of riboflavin with dietary intake and symptoms of ariboflavinosis. The 
need of an adult male subsisting on 2,200 calories was 1.1 to 1.6 mg. A subject 
depleted of riboflavin was able to assimilate 6 mg. of riboflavin at one time; 
a period of 15 days was required to saturate a depleted individual at this level 
of riboflavin intake. Youmans (224) has suggested an intake of 5 to 10 mg. 
daily for the treatment of patients showing a mild degree of ariboflavinosis. 

Cebus monkeys maintained on a riboflavin-deficient diet showed pro- 
found weight losses, a decrease in the plasma levels of free and combined 
riboflavin, and a progressive polycythemia [Mann & Stevens (225)]. Lesions 
of the mucous membrane and the corneas were not seen. The minimal daily 
requirement of riboflavin for growth was 30 to 50 wg. per kg. daily. Free, 
but not combined serum riboflavin, was increased by the administration of 
estrogen [Bolton (226)]. 

Mitchell, Johnson, Hamilton & Haines (227) reported that the riboflavin 
requirement was higher for pigs maintained at 42°F. than at 85°F. The values 
were equivalent to 0.55 and 1.59 mg. of riboflavin per Ib. of feed or 1.4 and 4.2 
mg. per 100 lb. body weight, respectively. Supplements of protein and of 
fat added to a diet of natural feeds depressed the output of riboflavin in 
the urine. Pearson & Reiser (228) have likewise found that the renal excre- 
tion of riboflavin by rats fed a riboflavin deficient diet containing 20 per 
cent corn oil was significantly less than with a ration containing no added 
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fat. Everson, Pearson & Matteson (229) reported that the lack of complete 
digestibility of certain foods may reduce the availability of riboflavin. 

A riboflavin deficiency state was induced in rats [Wase & Allison (230] 
and in dogs [Allison & Wase (231)], by the feeding of the carcinogen, 2- 
acetylaminofluorene. The ariboflavinosis in rats could be prevented by an 
increased intake of riboflavin, providing that the consumption of protein 
was adequate. 

Cortisone acetate enhanced the regression of lymphosarcoma transplants 
in mice subjected to transient riboflavin deficiency [Emerson, Wurtz & 
Zanetti (232)]. Compound A acetate was somewhat less effective than corti- 
sone acetate. 

Schaefer, Copeland, Salmon & Hale (233) observed that a high intake of 
riboflavin (20 mg. per kg. of diet) prevented the appearance of choline- 
induced neoplasms in rats. Varying levels of pyridoxine or inositol were 
without effect on tumor incidence. 


PYRIDOXINE 


The scope of transamination has been extended to include a wide array 
of amino acids in both animal [Cammarata & Cohen (234)] and bacterial 
preparations [Feldman & Gunsalus (235)]. The present status of transami- 
nation has been reviewed by Gunsalus (236). 

A syndrome ascribed to a deficiency in pyridoxine is readily induced in 
experimental animals; however, the need on the part of man for pyridoxine 
had not, heretofore, been clearly demonstrated. Recently, however, Mueller 
& Vilter (237) reported the production of pyridoxine deficiency in man by 
the feeding of a diet low in the B complex. External lesions, presumably 
due to pyridoxine deficiency, developed in some of the patients within two 
to three weeks after beginning the deficient diet and the parenteral adminis- 
tration of desoxypyridoxine. The manifestations of this syndrome were not 
affected by thiamine, riboflavin, and niacinamide, but responded within 48 
to 72 hr. to pyridoxine. 

Evidence was presented by Snyderman, Carretero & Holt (238) for the 
induction of pyridoxine deficiency in infants. The first change was the prompt 
disappearance of pyridoxic acid from the urine and a reduction in the total 
excretion of urinary pyridoxine. The infants subsequently lost the ability 
to convert tryptophan to nicotinic acid. A prompt clinical response was 
observed following the administration of pyridoxine. 

Linkswiler & Reynolds (239), in studying the effect of vitamin Bs and 
sulfasuxidine on the excretion of pyridoxine and its metabolites, concluded 
that vitamin Bg was synthesized. At varying levels of Bs intake, the urinary 
and fecal excretion of pyridoxine and 4-pyridoxic acid exceeded the intake; 
furthermore, the total elimination of these compounds was not influenced 
by sulfasuxidine. 

Sarett (240) has observed the effect of pyridoxine upon the conversion 
of tryptophan to nicotinic acid compoundsin man. The addition of pyridoxine 
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to a corn diet low in protein, tryptophan, and B vitamins had little effect 
upon the excretion of nicotinic acid, quinolinic acid, or N'-methylnicotin- 
amide and did not influence the conversion of a small amount of added 
tryptophan to these nicotinic acid compounds. Sarett is of the opinion that 
pyridoxine cannot be involved directly in the conversion of tryptophan to 
nicotinic acid. Supplementation with tryptophan did not influence the 
excretion of 4-pyridoxic acid. The decreased ability of pyridoxine deficient 
rats and mice to convert tryptophan to nicotinic acid may be due, in part, 
to the small intake of food and to poor growth. 

The urinary excretion of N!-methylnicotinamide and quinolinic acid by 
rats given 100 mg. of dl-tryptophan, was reported by Heimberg, Rosen, 
Leder & Perlzweig (241) to be inversely proportional to the level of casein 
in the diet and independent of supplementation with either nicotinic acid 
or pyridoxine. 

Cerecedo & De Renzo (242) reported that the addition of tryptophan to 
the diets of vitamin Be deficient rats did not produce a harmful effect as 
judged by the time of appearance of deficiency signs and upon the survival 
period. The xanthurenic acid excretion was proportional to the intake of 
tryptophan. Methionine was without effect upon the output of xanthurenic 
acid, but aggravated signs of pyridoxine deficiency. 

Investigations carried out over the past several years have demonstrated 
that vitamin Bg in the form of the coenzyme pyridoxal phosphate is an essen- 
tial part of enzymes which are responsible for the decarboxylation of many 
amino acids and for transamination reactions. More recently, vitamin Bs 
has been shown to be involved in the metabolism of D-amino acids by the rat. 
Armstrong, Feldott & Lardy (243) found that homogenized kidney from 
rats deficient in vitamin Bg had only one third as much D-amino acid oxidase 
activity as did normal kidney homogenates; however, a similar decrease 
was observed in paired-fed controls receiving pyridoxine. A supplement of 
D-amino acids (leucine, isoleucine, phenylalanine, and valine) decreased the 
nitrogen utilization of vitamin Bg deficient rats; an effect that was completely 
counteracted by pyridoxine. The action of the D-isomers appeared to be 
specific as the L-isomers of the same amino acids or an equivalent amount 
of inorganic nitrogen caused a smaller depression of dietary nitrogen utiliza- 
tion. 

Experiments carried out by Beaton et al. (244) suggested that pyridoxine 
insufficiency does not impair transamination but may delay deamination. 

The sparing action of fat on the pyridoxine requirement of the rat has 
been reviewed by Sherman, Campling & Harris (245) who found that it 
retarded the development and hastened the cure of deficiency symptoms 
ascribable to a lack of pyridoxine. Less fat and less arachidonic acid were 
deposited in the carcasses of rats on pyridoxine-free diets; however, the 
percentage of arachidonic acid in the carcass fat was higher. 

The toxicity of 4-desoxypyridoxine and 4-methoxypyridoxine for the 
chick embryo was investigated by Karnofsky, Stock, Ridgway & Patterson 
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(246). Methoxypyridoxine was toxic to the chick embryo because of its anti- 
vitamin Bg activity. The tolerance to the antagonist decreased with the age 
of the embryo. Pyridoxine, pyridoxal, pyridoxamine, and pyridoxal phos- 
phate counteracted the anti-vitamin effect of methoxypyridoxine in decreas- 
ing activity in the order listed. Methoxypyridoxine was at least 25 times 
more active than desoxypyridoxine as a vitamin Bs antagonist for the zero 
to four-day chick embryo. 

Acrodynia, typical of pyridoxine deficiency, was produced in the mouse 
by the feeding of a diet deficient in vitamin B, and supplemented with des- 
oxypyridoxine. A diet high in casein, or an equivalent amount of methio- 
nine, aggravated the skin lesions and shortened the survival time [De 
Renzo & Cerecedo (247)]. 

A strain of L. helveticus and one of L. acidophilus failed to grow in a 
medium containing previously recognized growth factors for lactic acid 
bacteria, but grew well on natural materials. Pyridoxamine phosphate and 
any of the following substances could replace the natural materials, e.g., 
(a) a reducing agent (nonspecific), (6) thymidine or desoxyribosides, or (c) 
vitamin By. Pyridoxal phosphate could replace pyridoxamine phosphate, 
but six to eight times the quantity was required. p-Alanine was also effective 
at high levels. Pyridoxamine and pyridoxal were inactive when added to 
the media at concentrations far in excess of the effective levels of their 
corresponding phosphates [McNutt & Snell (248)]. 


THIAMINE 


A synthetic diet for the biological assay of thiamine was described by 
Intengan, Munsell & Harris (249). The ration was supplied with a vitamin 
mixture containing optimal quantities of all vitamins required by the rat, 
with the exception of thiamine. Polyneuritis was noted in 100 per cent of the 
animals after about five weeks of depletion. When 0.5 yg. of thiamine hydro- 
chloric acid was given daily, 79 per cent of the rats so treated were satisfac- 
tory for assay purposes as contrasted with 43 per cent in the standard 
U.S.P. ration. 

The apparent reduction in the thiamine requirement of the rat resulting 
from the addition of fat to a low-fat diet has been regarded as a “sparing 
action.”” Krider & Guerrant (250) have reported that rats which had sub- 
sisted on isocaloric amounts of three experimental diets (low fat, 10 per cent 
fat, and 20 per cent fat) showed increases in body weight which were pro- 
portional to the fat content of the respective diet. The weight increments 
were essentially the same for all levels of thiamine intake (2, 50, 200, and 1,000 
ug. daily) for the rats fed the diet containing 20 per cent fat. The animals 
receiving the low-fat and the 10 per cent fat rations showed smaller and less 
consistent increases in body weight than did the rats receiving the 20 per 
cent fat diet, as the result of increased thiamine supplementation. The weights 
of the fat-free carcasses were uniform, indicating that the deposited fat 
accounted for the increments in weight. 
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Hegsted & McPhee (251) have reported that the thiamine requirement 
of adult rats kept at 55°F. was 50 per cent greater than for rats maintained 
at 78°F. Increased food intake at the lower temperature accounted for much, 
but perhaps not for all, of the augmented thiamine requirement. 

The thiamine requirement for the adult rat was 0.16 mg. to 0.20 mg. per 
1,000 calories which is essentially the same as that of the adult man. 

Ershoff (252) has found that the length of survival of thiamine-deficient 
rats was significantly decreased under cold-room conditions as compared to 
a room-temperature environment. 

Skelton (253) has made a detailed study of the gross and microscopic 
organ changes in the thiamine-deficient rat as compared with normal and 
paired weight controls. The deficiency produced the changes characteristic 
of nonspecific stress such as adrenal hypertrophy, thymus involution, and 
decreased adrenal ascorbic acid. Marked renal hypertrophy and specific 
changes in the heart and liver were observed. It was suggested that the secre- 
tion of the follicle stimulating hormone by the anterior pituitary was greater 
than the secretion of the luteinizing hormone, as the seminal vesicles were 
more atrophic than the testes. The weights of the seminal vesicles of the defi- 
cient animals, however, were essentially the same as for the paired weight 
controls. 

Nicotinic AcID 


A large number of nicotinic acid derivatives and precursors were tested 
by Krehl, Bonner & Yanofsky (254) for their efficacy in correcting nicotinic 
acid deficiency produced in rats by the feeding of a diet containing 9 per cent 
casein and supplied with the vitamins other than nicotinic acid that are 
essential for the rat. Of these compounds, only niacinamide, 3-hydroxy- 
anthranilic acid, L- and DL-tryptophan and quinolinic acid proved active. 
Kynurenine, kynurenic acid, anthranilic acid, N-formylkynurenine, N- 
formylanthranilic acid, N'-methylnicotinamide, 3-cyanopyridine, and acetyl- 
kynurenine were inactive. The incubation of 3-hydroxyanthranilic acid with 
fresh liver slices resulted in a large percentage conversion to quinolinic acid; 
tryptophan was not so changed. As the relative activity of quinolinic acid 
was so low compared with other precursors, it was suggested that it was 
possibly produced as a side reaction rather than as a direct intermediate in 
the conversion of tryptophan to niacin. 

Hankes & Elvehjem (255) observed the effect of nicotinic acid on a low- 
protein diet. Only a slight increase in the urinary output of nicotinic acid 
was noted following the feeding of ornithine, anthranilic acid, or isocincho- 
meronic acid. The increase in free nicotinic acid due to the feeding of quino- 
linic acid was not as great as that found with an equimolar quantity of trypto- 
phan. ‘‘The results neither prove nor refute the theory that quinolinic acid 
is a possible intermediate in the tryptophan niacin synthesis scheme.” 

Sarett & Goldsmith (256) followed the urinary excretion of several 
nicotinic acid and tryptophan metabolites in two normal subjects following 
the administration of L- and DL-tryptophan. Approximately twice as much 
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DL-tryptophan as L-tryptophan was required to produce approximately the 
same increase in excretion of N'-methylnicotinamide and ‘‘quinolinic acid.” 
When 2.5 gm. of L-tryptophan was given, much less L-tryptophan appeared 
in the urine than when 5 gm. of DL-tryptophan was fed. Rose (257) found 
in his classic studies on amino acid requirements, that contrary to its 
behavior in the rat, D-tryptophan exerted no detectable influence upon nitro- 
gen balance in man. Sarett & Goldsmith also observed that the administra- 
tion of L-tryptophan produced a clinical response in two of three subjects 
with pellagra. 

Sarett (258) created an amino acid imbalance in the diets of four human 
subjects by the addition of 20 to 30 gm. of gelatin or 20 gm. of glycine daily 
for 10 to 12 days to diets low in protein and nicotinic acid. These changes 
had no significant effect upon the excretion of N! -methylnicotinamide, nico- 
tinic acid, “‘quinolinic acid,” or 4-pyridoxic acid. It is possible that the tryp- 
tophan imbalance was not sufficiently severe or of long enough duration to 
affect the excretion of nicotinic acid or of tryptophan metabolites. 

Perlzweig, Rosen & Pearson (259) have found that only man, of nine 
mammalian species studied, excreted the N'-methylnicotinamide as a 
major end-product of nicotinic acid metabolism. 

Nicotinic acid deficiency was produced in the weanling pig by the feed- 
ing of rations with major ingredients consisting of corn, starch, casein and 
either cowpeas or soybean oil meal. The principal deficiency signs were poor 
appetite, slow growth, roughened haircoat, diarrhea, anemia, and disturb- 
ances in the large bowel. Pigs receiving the same ration, but supplemented 
with nicotinic acid, grew and developed normally [Burroughs, Edgington, 
Robison & Bethke (260)]. 

Experiments were conducted by Anderson, Combs & Briggs (261) on 
the nicotinic acid-replacing value of L- and DL-tryptophan in the diet of the 
chick. L-Tryptophan was about twice as active as DL-tryptophan in replacing 
nicotinic acid. The p-form was utilized to some extent when fed in conjunc- 
tion with a diet containing starch. The addition of sulfasuxidine to the ration 
decreased the utilization of p-tryptophan. 


LITERATURE CITED 


1. Brink, N. G., Wolf, D. E., Kaczka, E. A., Rickes, E. L., Koniuszy, F. R., Wood, 
T. R., and Folkers, K., J. Am. Chem. Soc., 71, 1854-56 (1949) 

. Ellis, B., Petrow, V., and Snook, G. F., J. Pharm. Pharmacol., 1, 950-56 (1949) 

3. Wolf, D. E., Jones, W. H., Valiant, J., and Folkers, K., J. Am. Chem. Soc., 72, 
2820 (1950) 

4. Cooley, G., Ellis, B., and Petrow, V., J. Pharm. Pharmacol., 2, 128 (1950) 

5. Cooley, G., Ellis, B., and Petrow, V., J. Pharm. Pharmacol., 2, 535 (1950) 

6. Chargaff, E., Levine, C., Green, C., and Kream, J., Experientia, 6, 229-31 (1950) 

7. Brink, N. G., and Folkers, K., J. Am. Chem. Soc., 71, 2951 (1949); 72, 4442-43 
(1950) 

8. Holiday, E. R., and Petrow, V., J. Pharm. Pharmacol., 1, 734—35 (1949); Beaven, 
G. R., Holiday, E. R., Johnson, E. A., Ellis, B., Mamalis, P., Petrow, V., and 
Sturgeon, B., J. Pharm. Pharmacol., 1, 957-70 (1949) 





y the 
cid.” 
‘ared 
ound 
O its 
itro- 
stra- 
jects 


man 
daily 
nges 
nico- 
ryp- 
n to 


nine 
as a 


eed- 

and 
poor 
urb- 
nted 
‘ton, 


) on 
the 
cing 
unc- 
tion 


‘ood, 


949) 
» 12, 


950) 
2-43 


ven, 


and 





WATER-SOLUBLE VITAMINS 591 


. Brink, N. G., Holly, F. W., Shunk, C. H., Peel, E. W., Cahill, J. J., and Folkers, 


K., J. Am. Chem. Soc., 72, 1866 (1950) 


. Mamalis, P., Petrow, V., and Sturgeon, B., J. Pharm. Pharmacol., 2, 491-502 


(1950) 


. Mamalis, P., Petrow, V., and Sturgeon, B., J. Pharm. Pharmacol., 2, 503-11 


(1950) 


. Mamalis, P., Petrow, V., and Sturgeon, B., J. Pharm. Pharmacol., 2, 512-18 


(1950) 


. Emerson, G. A., Brink, N. G., Holly, F. W., Koniuszy, F., Heyl, D., and Folkers, 


K., J. Am. Chem. Soc., '72, 3084-85 (1950) 


. Buchanan, J. G., Johnson, A. W., Mills, J. A., and Todd, A. R., Chemistry & 


Industry, 426 (1950) 


. Buchanan, J. G., Johnson, A. W., Mills, J. A., and Todd, A. R., J. Chem. Soc., 


2845-55 (1950) 


. Cooley, G., Ellis, B., Mamalis, P., Petrow, V., and Sturgeon, B., J. Pharm. 


Pharmacol., 2, 579 (1950) 


. Beaven, G. R., Holiday, E. R., Johnson, E. A., Ellis, B., and Petrow, V., J. 


Pharm. Pharmacol., 2, 733-35 (1950) 


. Beaven, G. R., Holiday, E. R., Johnson, E. A., Ellis, B., and Petrow, V., J. 


Pharm. Pharmacol., 2, 944-55 (1950) 


. Kaczka, E. A., Wolf, D. E., and Folkers, K., J. Am. Chem. Soc., 71, 1514-15 


(1949) 


. Pierce, J. V., Page, A. C., Jr., Stokstad, E. L. R., and Jukes, T. H., J. Am. Chem. 


Soc., 71, 2952 (1949) 


. Pierce, J. V., Page, A. C., Jr., Stokstad, E. L. R., and Jukes, T. H., J. Am. Chem. 


Soc., 72, 2615-16 (1950) 


. Kaczka, E. A., Denkewalter, R. G., Holland, A., and Folkers, K., J. Am. Chem. 


Soc., 73, 335-37 (1951) 


23. Wijmenga, H. G., Veer, W. L. C., and Lens, J., Biochim. et Biophys. Acta, 6, 


229-36 (1950) 


. Jackson, W. G., Whitfield, G. B., DeVries, W. H., Nelson, H. A., and Evans, 


J. S., J. Am. Chem. Soc., 73, 337-41 (1951) 


. Smith, E. L., Lancet, I, 353-54 (1950) 
. Anslow, W. K., Ball, S., Emer:y, W. B., Fantes, K. H., Smith, E. L., and Walker, 


A. D., Chemistry & Industry, 574 (1950) 


. Smith, E. L., Nature, 161, 638 (1948) 
. Veer, W. L. C., Edelhausen, J. H., Wijmenga, H. G., and Lens, J., Biochim. et 


Biophys. Acta, 6, 225-28 (1950) 


. Brink, N. G., Kuehl, F. A., Jr., and Folkers, K., Science, 112, 354 (1950) 
. Kaczka, E. A., Wolf, D. E., Kuehl, F. A., and Folkers, K., Science, 112, 354-55 


(1950) 


. Ellis, B., Petrow, V., Beaven, G. R., Holiday, E. R., and Johnson, E. A., J. 


Pharm. Pharmacol., 2, 735 (1950) 


. Boxer, G. E., and Rickards, J. C., Arch. Biochem., 29, 75-84 (1950) 
. Hartley, F., Stross, P., and Stuckey, R. E., J. Pharm. Pharmacol., 2, 648-59 


(1950) 


. Boxer, G. E., and Rickards, J. C., Recent Advances in the Chemistry of Anti- 


biotics and Vitamins (Presented at Am. Assoc. Advancement Sci. Symposium, 
Cleveland, December, 1950); Arch. Biochem., 30, 372-401 (1951) 


. Smith, E. Lester, J. Pharm. Pharmacol., 2, 409-17 (1950) 








592 EMERSON AND FOLKERS 


36. Gillis, M. B., and Norris, L. C., J. Biol. Chem., 179, 487-88 (1949) 

37. Schaefer, A. E., Salmon, W. D., and Strength, D. R., Proc. Soc. Exptl. Biol, 
Med., 71, 202-4 (1949) 

38. Jukes, T. H., Stokstad, E. L. R., and Broquist, H. P., Arch. Biochem., 25, 453- 
55 (1950) 

39. Schaefer, A. E., Salmon, W. D., and Strength, D. R., Proc. Soc. Exptl. Biol, 
Med., 71, 193-96 (1949) 

40. Bennett, M. A., J. Biol. Chem., 187, 751-56 (1950) 

+1. Stekol, J. A., Bennett, M. A., Weiss, K., Halpern, P., and Weiss, S., Federation 
Proc., 9, 234 (1950) 

42. Stekol, J. A., and Weiss, K., J. Biol. Chem., 186, 343-50 (1950) 

43. Oginsky, E. L., Arch. Biochem., 26, 327-29 (1950) 

44. du Vigneaud, V., Ressler, C., and Rachele, J. R., Science, 112, 267~—71 (1950) 

45. Sakami, W., Federation Proc., 9, 222 (1950) 

46. Welch, A. D., and Sakami, W., Federation Proc., 9, 245 (1950) 

47. Mackenzie, C. G., J. Biol. Chem., 186, 351-68 (1950) 

48. Siekevitz, P., and Greenberg, D. M., J. Biol. Chem., 186, 275-86 (1950) 

49. du Vigneaud, V., and Verly, W. G., J. Am. Chem. Soc., 72, 1049 (1950) 

50. du Vigneaud, V., Verly, W. G., and Wilson, J. E., J. Am. Chem. Soc., 72, 2819-20 
(1950) 

51. Hall, C. A., and Drill, V. A., Proc. Soc. Exptl. Biol. Med., 69, 3-6 (1948) 

52. Drill, V. A., and McCormick, H. M., Proc. Soc. Exptl. Biol. Med., '72, 388-90 
(1949) 

53. Gyorgy, P., and Rose, C. S., Proc. Soc. Exptl. Biol. Med. 73, 372-75 (1950) 

54. Koch-Weser, D., Szanto, P. B., Farber, E., and Popper, H., J. Lab. Clin. Med., 

36, 694-704 (1950) 

5. Mushett, C. W., Federation Proc., 9, 339 (1950) 

56. Vars, H. M., Karn, G. M., and Ferguson, C. C., Federation Proc., 9, 373-74 
(1950) 

57. Winter, C. A., and Mushett, C. W., J. Am. Pharm. Assoc., Sci. Ed., 39, 360-61 
(1950) 

58. Chow, B. F., Lang, C. A., Davis, R., Conley, C. L., and Ellicott, C. E., Bull. 
Johns Hopkins Hosp., 87, 156-63 (1950) 

59. Schultze, M. O., J. Nutrition, 41, 103-13 (1950) 

60. Schultze, M. O., J. Nutrition, 42, 587-96 (1950) 

61. Borson, H. J., Singman, D., Lepkovsky, S., Dimick, M. K., Gasc, V., and 
Perry, R., Am. J. Physiol., 162, 714-20 (1950) 

62. Zucker, L. M., and Zucker, T. F., Arch. Biochem., 16, 115-29 (1948) 

63. Watts, A. B., Swank, W., Ohman, R. J., Ross, O. B., and MacVicar, R. W., 
J. Nutrition, 41, 533-43 (1950) 

64. McCollum, E. B., and Chow, B. F., Proc. Soc. Exptl. Biol. Med., 75, 20-23 
(1950) 

65. Stern, J. R., and McGinnis, J., Arch. Biochem., 28, 364-70 (1950) 

66. Jaffé, W. G., Arch. Biochem., 27, 464-66 (1950) 

67. Vijayaraghavan, P. K., and Dunn, M. S., Proc. Soc. Exptl. Biol. Med., 75, 754 
56 (1950) 

68. Bosshardt, D. K., Paul, W. J., and Barnes, R. H., J. Nutrition, 40, 595-604 
(1950) 

69. Lewis, U. J., Tappan, D. V., Register, U. D., and Elvehjem, C. A., Proc. Soc. 

Exptl. Biol. Med., 74, 568-71 (1950) 





















































70. Tz 


71. Et 
72. Be 


73. St 
74. E: 
75. Pe 
76. M 


77. C 


S 


~~ 
ns 


85. | 
86. | 


87. 


88. 


90. 


91. 
92. 


93. 


94. 


96. 


97. 


. Biol. 
, 453- 


. Biol. 


ration 


(1950) 


19-20 


88-90 
50) 

Med., 
13-74 
0-61 


Bull. 


and 


W., 


0-23 


~! 
uw 
+ 


~604 


Soe. 








76. 
77. 


78. 
79. 


81. 


82. 


83. 


85. 
. Monson, W. J., Dietrich, L. S., and Elvehjem, C. A., Proc. Soc. Exptl. Biol. Med., 


87. 
88. 
89. 
90. 


7. 
92. 


93. 
94, 
95. 
96. 


97. 





WATER-SOLUBLE VITAMINS $93 


. Tappan, D. V., Lewis, U. J., Register, U. D., and Elvehjem, C. A., Arch. Bio- 


chem., 29, 408-12 (1950) 


. Ershoff, B. H., Arch. Biochem., 28, 359-63 (1950) 
. Bolene, C., Ross, O. B., and MacVicar, R., Proc. Soc. Exptl. Biol. Med., 75, 


610-13 (1950) 


. Sure, B., and Easterling, L., J. Nutrition, 42, 221-25 (1950) 
. Ershoff, B. H., Arch. Biochem., 26, 50-53 (1950) 
. Pentz, E. I., Graham, C. E., Ryan, D. E., and Klein, D., Endocrinology, 47, 


30-35 (1950) 

Moore, P. R., Evenson, A., Luckey, T. D., McCoy, E., Elvehjem, C. A., and 
Hart, E. B., J. Biol. Chem., 165, 437-41 (1946) 

Carlson, C. W., Miller, R. F., Peeler, H. T., Norris, L. C., and Heuser, G. F., 
Poultry Sci., 28, 750-52 (1949) 

Menge, H., Combs, G. F., and Shorb, M. S., Poultry Sci., 28, 775 (1949) 

Stokstad, E. L. R., Jukes, T. H., Pierce, J., Page, A. C., Jr., and Franklin, A. L., 
J. Biol. Chem., 180, 647-54 (1949) 


. Stokstad, E. L. R., and Jukes, T. H., Proc. Soc. Exptl. Biol. Med., 73, 523-28 


(1950) 

Harned, B. K., Cunningham, R. W., Clark, M. C., Cosgrave, R., Hine, C. H., 
McCauley, W. J., Stokey, E., Vessey, R. E., Yuda, N. N., and SubbaRow, Y., 
Ann. N. Y. Acad. Sci., 51, 182-210 (1948) 

Whitehill, A. R., Oleson, J. J., and Hutchings, B. L., Proc. Soc. Exptl. Biol. Med., 
74, 11-13 (1950) 

Oleson, J. J., Hutchings, B. L., and Whitehill, A. R., Arch. Biochem., 29, 334~ 
38 (1950) 


. Berg, L. R., Bearse, G. E., McGinnis, J., and Miller, V. L., Arch. Biochem., 29, 


404-7 (1950) 
Sherwood, R. M., and Couch, J. R., Poultry Sci., 29, 501-7 (1950) 


75, 256-59 (1950) 

Lillie, R. J., Olsen, M. W., and Bird, H. R., Proc. Soc. Exptl. Biol. Med., 72, 
598-602 (1949) 

Bird, H. R., Poultry Sci., 29, 314-15 (1950) 

Olcese, O., Couch, J. R., and Lyman, C. M., J. Nutrition, 41, 73-87 (1950) 

Couch, J. R., Olcese, O., Sanders, B. G., and Halick, J. V., J. Nutrition, 42, 
473-85 (1950) 

Carver, J. S., and McGinnis, J., Poultry Sci., 29, 307-9 (1950) 

Olcese, O., Couch, J. R., Quisenberry, J. H., and Pearson, P. B., J. Nutrition, 41, 
423-31 (1950) 

Gassner, F. X., Patton, A. R., Wilgus, H. S., and Charkey, L. W., Proc. Soc. 
Exptl. Biol. Med., 75, 630-33 (1950) 

Couch, J. R., Olcese, O., and German, H. L., Federation Proc., 9, 355 (1950) 

Peterson, D. W., J. Biol. Chem., 183, 647-53 (1950) 

Bickoff, E. M., Livingston, A. L., and Snell, N. S., Arch. Biochem., 28, 242-52 
(1950) 

Combs, G. F., Carlson, C. W., Miller, R. F., Peeler, H. T., Norris, L. C., and 
Heuser, G. F., J. Biol. Chem., 182, 727-37 (1950) 


. Menge, H., and Combs, G. F., Proc. Soc. Exptl. Biol. Med., 75, 139-42 (1950) 
. Nesheim, R. O., Krider, J. L., and Johnson, B. C., Arch. Biochem., 27, 240-42 


(1950) 








EMERSON AND FOLKERS 


100. Anderson, G. C., and Hogan, A. G., J. Nutrition, 40, 243-53 (1950) 

101. Anderson, G. C., and Hogan, A. G., Proc. Soc. Exptl. Biol. Med., 75, 288-90 
(1950) 

102. Cunha, T. J., Burnside, J. E., Buschman, D. M., Glasscock, R. S., Pearson, 
A. M., and Shealy, A. L., Arch. Biochem., 23, 324-26 (1949) 

103. Jukes, T. H., Stokstad, E. L. R., Taylor, R. R., Cunha, T. J., Edwards, H. M., 
and Meadows, G. B., Arch. Biochem., 26, 324-25 (1950) 

104. Wahlstrom, R. C., Terrill, S. W., and Johnson, B. C., Proc. Soc. Exptl. Biol, 
Med., 75, 710-11 (1950) 

105. Nesheim, R. O., and Johnson, B. C., Proc. Soc. Exptl. Biol. Med.,'75, 709 (1950) 

106. Burnside, J. E., Cunha, T. J., Edwards, H. M., Meadows, G. B., LaMar, G. A., 
Pearson, A. M., and Glasscock, R. S., Proc. Soc. Exptl. Biol. Med.,'74, 173-74 
(1950) 

107. Carpenter, L. E., Arch. Biochem., 27, 469-71 (1950) 

108. Edwards, H. M., Cunha, T. J., Meadows, G. B., Sewell, R. F., and Shawver, 
C. B., Proc. Soc. Exptl. Biol. Med., '75, 445-46 (1950) 

109. Cunha, T. J., Burnside, J. E., Edwards, H. M., Meadows, G. B., Benson, R. H., 
Pearson, A. M., and Glasscock, R. S., Arch. Biochem., 25, 455-57 (1950) 

110. Speer, V. C., Vohs, R. L., Catron, D. V., Maddock, H. M., and Culbertson, 
C. C., Arch. Biochem., 29, 452-53 (1950) 

111. Cunha, T. J., Edwards, H. M., Meadows, G. B., Benson, R. H., Sewell, R. F., 
Pearson, A. M., and Glasscock, R. S., Arch. Biochem., 28, 140-42 (1950) 

112. Colby, R. W., Rau, F. A., and Dunn, R. C., Proc. Soc. Exptl. Biol. Med., 75, 
234-36 (1950) 

113. Colby, R. W., Rau, F. A., and Couch, J. R., Am. J. Physiol., 163, 418-21 (1950) 

114. Loosli, J. K., and Wallace, H. D., Proc. Soc. Exptl. Biol. Med.,'75, 531-33 (1950) 

115. Ungley, C. C., and Campbell, H., Brit. Med. J., II, 1370-77 (1949) 

116. Girdwood, R. I., Edinburgh Med. J., 57, 72-109 (1950) 

117. Strauss, M. B., New Engl. J. Med., 243, 187-94, 222-29 (1950) 

118. Mueller, J. F., Jarrold, T., Hawkins, V. R., and Vilter, R. W., Ohio State Med. J. 
46, 225-29 (1950) 

119. Bethell, F. H., J. Am. Dietet. Assoc., 26, 89-92 (1950) 

120. Spies, T. D., Stone, R. E., Garcia Lopez, G., Milanes, F., Lopez Toca, R., and 
Aramburu, T., Intern. Z. Vitaminforsch., 21, 328-40 (1949) 

21. Norén, B., Acta Med. Scand., 137, 48-65 (1950) 

122. Luhby, A. L., and Wheeler, W. E., Ohio State Univ. Health Center J., 3, 1-20 
(1949) 

123. Sturgeon, P., and Carpenter, G., Blood, 5, 458-67 (1950) 

124. Ungley, C. C., and Thompson, R. B., Brit. Med. J., I, 919-24 (1950) 

125. Furman, R. H., Daniels, W. B., Jr., Hefner, L. L., Jones, E., and Darby, W. J., 
Am. Practitioner, 1, 146-47 (1950) 

126. Hall, B. E., Brit. Med. J., TI, 585-89 (1950) 

127. Berk, L., Castle, W. B., Welch, A. D., Heinle, R. W., Anker, R., and Epstein, M., 
New Engl. J. Med., 239, 911-13 (1948) 

128. Hall, B. E., Bethell, F. H., Morgan, E. H., Campbell, D. C., Swenseid, M. E., 
Miller, S., and Cintron-Rivera, A. A., Proc. Staff Meetings Mayo Clinic, 25, 
105-13 (1950) 

129. Meyer, L. M., Krim, M., and Sawitsky, A., Proc. Soc. Exptl. Biol. Med., 73, 
565-68 (1950) 

130. Ungley, C. C., Lancet, I, 353-54 (1950) 





148. | 


149. | 
150. 
151. 


88-99 


arson, 


, and 


1-20 








131. 


132. 
133. 


134. 
135. 
136. 
137. 
138. 
139. 
140. 


141. 


143. 
144. 
145. 
146. 


147. 


. Heinle, R. W., Ohio State Med. J., 46, 133-35 (1950) 





WATER-SOLUBLE VITAMINS 595 


Spies, T. D., Garcia Lopez, G., Milanes, F., Lopez Toca, R., and Reboredo, A., 
Southern Med. J., 43, 206-8 (1950) 

Goldsmith, G., Am. J. Med. Sci., 9, 399 (1950) 

Wolf, D. E., Wood, T. R., Valiant, J., and Folkers, K., Proc. Soc. Exptl. Biol. 
Med., 73, 15-17 (1950) 

Dyke, W. J. C., Hind, H. G., Riding, D., and Shaw, G. E., Lancet, I, 486-93 
(1950) 

Allfrey, V. G., and King, C. G., J. Biol. Chem., 182, 367-84 (1950) 

Ganguly, S. K., Indian J. Pharm., 12, 31-32 (1950) 

Renfrew, A. G., and Platt, P. C., J. Am. Pharm. Assoc. Sci. Ed., 39, 657 (1950) 

Weygand, F., Schmied-Kowarzik, V., Wacker, A., and Rupp, W., Chem. Ber., 
83, 460-67 (1950) 

Waller, C. W., Goldman, A. A., Angier, R. B., Boothe, J. H., Hutchings, B. L., 
Mowat, J. H., and Semb, J., J. Am. Chem. Soc., 72, 4630-33 (1950) 

Uyeo, S., Mizukami, S., Kubota, T., and Takagi, S., J. Am. Chem. Soc., 72, 
5339-40 (1950) 

Roth, B., Smith, J. M., and Hultquist, M. E., J. Am. Chem. Soc., 72, 1914-18 
(1950) 


. Kirsanova, V. A., and Trufanov, A. V., Biokhimiya, 15, 243-48 (1950); Chem. 


Abstracts, 44, 100078 (1950) 

Gal, E. M., J. Am. Chem. Soc., 72, 3532-34 (1950) 

Gal, E. M., J. Am. Chem. Soc., 72, 5315 (1950) 

Binkley, F., J. Am. Chem. Soc., 72, 2809 (1950) 

Kalckar, H. M., Kjeldgaard, N. O., and Klenow, H., Biochim. et Biophys. Acta, 
5, 586-94 (1950) 

Skipper, H. E., Mitchell, J. H., Jr.,and Bennett, L. L., Jr., Cancer Research, 10, 
510-12 (1950) 


. Elion, G. B., Hitchings, G. H., Sherwood, M. B., and VanderWerff, H., Arch. 


Biochem., 26, 337-42 (1950) 


. Gaines, D. S., and Totter, J. R., Proc. Soc. Exptl. Biol. Med. 74, 558-61 (1950) 
. Kelley, B., Totter, J. R., and Day, P. L., J. Biol. Chem., 186, 529-35 (1950) 
. Plaut, G. W. E., Betheil, J. J., and Lardy, H. A., J. Biol. Chem., 184, 795-805 


(1950) 


52. Sakami, W., J. Biol. Chem., 176, 995-96 (1948) 

53. Elwyn, D., and Sprinson, D. B., J. Biol. Chem., 184, 475-78 (1950) 

4. Lillie, R. J., Combs, G. F., and Briggs, G. M., Poultry Sci., 29, 115-21 (1950) 
5. Lillie, R. J., Combs, G. F., and Briggs, G. M., Poultry Sci., 29, 122-29 (1950) 
6. Cunha, T. J., Hodgskiss, H. W., Rasmussen, R. D., and Colby, R. W., J. Animal 


Sci., 9, 73-77 (1950) 


. Cartwright, G. E., Palmer, J. G., Tatting, B., Ashenbrucker, H., and Wintrobe, 


M. M., J. Lab. Clin. Med., 36, 675-93 (1950) 


58. Johnson, B. C., Neumann, A. L., Nesheim, R. O., James, M. F., Krider, J. L., 


Dana, A. S., and Thiersch, J. B., J. Lab. Clin. Med., 36, 537-46 (1950) 


. Stock, C. C., Biesele, J. J., Burchenal, J. H., Karnofsky, D. A., Moore, A. E., 


and Sugiura, K., Ann. N. Y. Acad. Sci., 52, 1360-1378 (1950) 


. Burchenal, J. H., Robinson, E., Johnston, S. F., and Kushida, M. N., Science, 


111, 116-17 (1950) 


. Burchenal, J. H., Babcock, G. M., Broquist, H. P., and Jukes, T. H., Proc. Soc. 


Exptl. Biol. Med., '74, 735-37 (1950) 


596 EMERSON AND FOLKERS 


163. Pierce, M., Med. Clinics N. Amer., 34, 201-16 (1950) 195. 
164. Sacks, M. S., Bradford, G. T., and Schoenbach, E. B., Ann. Internal Med., 32, 196. 
80-115 (1950) 197. 
165. Schoenbach, E. B., Greenspan, E. M., and Colsky, J., J. Am. Med. Assoc., 144, 
1558-60 (1950) 198. 
166. Sauberlich, H. E., and Baumann, C. A., J. Biol. Chem., 176, 165-73 (1948) 
167. Shive, W., Bardos, T. J., Bond, T. J., and Rogers, L. L., J. Am. Chem. Soc.,72, 199. 
2817-18 (1950) 
168. Brockman, J. A., Jr., Roth, B., Broquist, H. P., Hultquist, M. E., Smith, J. M., 200. 
Jr., Fahrenbach, M. J., Cosulich, D. B., Parker, R. P., Stokstad, E. L. R., 
and Jukes, T. H., J. Am. Chem. Soc., 72, 4325 (1950) 
169. Broquist, H. P., Stokstad, E. L. R.,and Jukes, T. H., J. Biol. Chem., 185, 399-409 201. 
(1950) 202. 
170. Scheid, H. E., and Schweigert, B. S., J. Biol. Chem., 185, 1-8 (1950) 203. 
171. Cravens, W. W., and Snell, E. E., Proc. Soc. Exptl. Biol. Med.,'75, 43-45 (1950) 204. 
172. May, C. D., Sundberg, R. D., and Schaar, F., J. Lab. Clin. Med., 36, 963-64 ‘. 
(1950) 205. 
173. Spies, T. D., Garcia Lopez, G., Milanes, F., Lopez Toca, R., Reboredo, A., and 
Stone, R. E., Southern Med. J., 43, 1076-82 (1950) 206. 
174. Emery, W. B., Lees, K. A., and Walker, A. D., Biochem. J., 46, 572-74 (1950) 207. 
175. Nichol, C. A., and Welch, A. D., Proc. Soc. Exptl. Biol. Med., 74, 52-55 (1950) 208. 
176. Nichol, C. A., and Welch, A. D., Proc. Soc. Exptl. Biol. Med., 74, 403-11 (1950) 209. 
177. Winsten, W. A., and Eigen, E., J. Biol. Chem., 184, 155-61 (1950) 210. 
178. Pohland, A., Flynn, E. H., Jones, R. G., and Shive, W., Abstracts Am. Chem. Soc., 211. 
119th Meeting, 18M (Boston, April, 1951) 212. 
179. May, M., Ravel, J. M., Bardos, T. J., Sutherland, G. L., and Shive, W., Ab- 213. 
stracts Am. Chem. Soc., 119th Meeting, 5C (Boston, April, 1951) 214. 
180. King, T. E., and Strong, F. M., Science 112, 562-65 (1950) 215, 
181. Martin, G. J., Brendel, R., Graff, M., and Beiler, J. M., J. Am. Pharm. Assoc., 216. 
Sci. Ed., 39, 338-39 (1950) 217. 
182. Crokaert, R., Bull. soc. chim. biol., 31, 903-7 (1949) 218. 
183. Lindsay, R. D., and Cheldelin, V. H., J. Am. Chem. Soc., 72, 828-30 (1950) 
184. Shils, M. E., Proc. Soc. Exptl. Biol. Med., 75, 352-54 (1950) 219. 
185. Shils, M. E., Abramowitz, S., and Saas, M., J. Nutrition, 40, 577-85 (1950) 220. 
186. Nelson, M. M., Sulon, E., Becks, H., Wainwright, W. W., and Evans, H. M., 221, 
Proc. Soc. Exptl. Biol. Med., 73, 31-36 (1950) 222. 
187. Singer, L., and Davis, G. K., Science, 111, 472-73 (1950) 223. 
188. Dunn, M. E., and Ralli, E. P., Federation Proc., 9, 34 (1950) 
189. Lotspeich, W. D., Proc. Soc. Exptl. Biol. Med., 73, 85-87 (1950) 224. 
190. Luecke, R. W., McMillen, W. N., and Thorp, F., Jr., J. Animal Science, 9, 78- 225. 
82 (1950) 226. 
191. Neilands, J. B., Higgins, H., King, T. E., Handschumacher, R. E., and Strong, 227. 
F. M., J. Biol. Chem., 185, 335-46 (1950) 
192. Neilands, J. B., Higgins, H., King, T. E., Handschumacher, R. E., and Strong, 228, 
F. M., J. Biol. Chem., 185, 335-46 (1950) 229. 
193. King, T. E., Strong, F. M., and Cheldelin, V. H., J. Nutrition, 42, 195-206 9 
(1950) 
194. King, T. E., and Cheldelin, V. H., J. Pharmacol. Exptl. Therap., 98, 229-36 232. 


(1950) 








409 
950) 
3-64 

and 
950) 
950) 
950) 


Soc. 


S0C., 


0) 
.M 


, 18- 
rong, 
rong, 


~206 


9-36 








195. 
196. 
197. 


198. 


199. 


219. 
220. 
221. 
222. 
223. 


224. 
225. 
226. 
227. 


228. 
229. 
230. 
231. 
232. 





WATER-SOLUBLE VITAMINS 597 


Nishi, H., King, T. E., and Cheldelin, V. H., J. Nutrition, 41, 279-91 (1950) 

Brown, G. M., Craig, J. A., and Snell, E. E., Arch. Biochem., 27, 473-75 (1950) 

McRorie, R. A., Masley, P. M., and Williams, W. L., Arch. Biochem., 27, 471-73 
(1950) 

McRorie, R. A., Sherwood, F. W., and Williams, W. L., Proc. Soc. Exptl. Biol. 
Med., 75, 392-94 (1950) 

Rasmussen, R. A., Smiley, K. L., Anderson, J. G., Van Lanen, J. M., Williams, 
W. L., and Snell, E. E., Proc. Soc. Exptl. Biol. Med., 73, 658-60 (1950) 


. Snell, E. E., Brown, G. M., Peters, V. J., Craig, J. A., Wittle, E. L., Moore, 


J. A., McGlohon, V. M., and Bird, O. D., J. Am. Chem. Soc., 72, 5349-50 
(1950) 


. Novelli, G. D., Kaplan, N. O., and Lipmann, F., Federation Proc., 9, 209 (1950) 
. Chin, C., Hakké Kégaku Zasshi, 25, 140-42 (1947) 

. Tanner, F. W., Vojnovich, C., and Van Lanen, J. M., J. Bact., 58, 737-45 (1949) 
. Pfeifer, V. F., Tanner, F. W., Vojnovich, C., and Traufler, D. H., Ind. Eng. 


Chem., 42, 1776-81 (1950) 


. Levine, H., Oyaas, J. E., Wasserman, L., Hoogerheide, J. C., and Stern, R. M., 


Ind. Eng. Chem., 41, 1665-68 (1949) 


. Mitra, K. K., J. Sci. Ind. Research (India), 8B(12), 236-37 (1949) 

. Yoshihara, I., J. Agr. Chem. Soc. Japan, 23, 305-9, 326-29 (1950) 

. Kawasaki, C., and Motoyama, T., J. Pharm. Soc. Japan, 69, 463-66 (1949) 

. Gourevitch, A., Biol. Abstracts, 21, 2379 (1947) 

. Fujiwara, M., and Shimizu, H., Anal. Chem., 21, 1009-11 (1949) 

. Weber, G., Biochem. J., 47, 114-21 (1950) 

. Portillo, R., and Varela, G., Anales real acad. farm., 15, 787-92 (1949) 

. Roth, H., Biochem. J., 320, 355-58 (1950) 

. Galston, A. W., Science, 111, 619-24 (1950) 

. Stone, G. B., Science, 111, 283 (1950) 

. Schoen, K., and Gordon, S. M., Science, 112, 125-26 (1950) 

. Harte, R. A., and Chen, J. L., J. Am. Pharm. Assoc., Sci. Ed., 38, 568-70 (1949) 
218. 


Berezovskii, V. M., Kurdyukova, V. A., and Preobrazhenskii, N. A., J. Applied 
Chem. (U.S.S.R.), 22, 527-32 (1949) 

Lambooy, J. P., J. Am. Chem. Soc., 72, 5225-28 (1950) 

Forrest, H. S., and Todd, A. R., J. Chem. Soc., 3295-99 (1950) 

Kuhn, R., and Rudy, H., Ber., 68, 383-86 (1935) 

Whitby, L. G., Nature, 166, 479-80 (1950) 

Horwitt, M. K., Harvey, C. C., Hills, O. W., and Liebert, E., J. Nutrition, 41, 
247-64 (1950) 

Youmans, J. B., J. Am. Med. Assoc., 144, 307-14 (1950) 

Mann, G. V., and Stevens, P. L., Federation Proc., 9, 365 (1950) 

Bolton, W., Nature, 166, 912-13 (1950) 

Mitchell, H. H., Johnson, B. C., Hamilton, T. S., and Haines, W. T., J. Nutri- 
tion, 41, 317-37 (1950) 

Pearson, P. B., and Reiser, R., Intern. Z. Vitaminforsch., 21, 44-48 (1949) 

Everson, G., Pearson, E., and Matteson, R., Federation Proc., 9, 358-59 (1950) 

Wase, A. W., and Allison, J. B., Proc. Soc. Exptl. Biol. Med., 73, 147-48 (1950) 

Allison, J. B., and Wase, A. W., Federation Proc., 9, 351 (1950) 

Emerson, G. A., Wurtz, E., and Zanetti, M. E., J. Am. Chem. Soc., 72, 4839 

(1950) 


598 EMERSON AND FOLKERS 
233. Schaefer, A. E., Copeland, D. H., Salmon, W. D., and Hale, O. M., Cancer 
Research, 10, 786-92 (1950) 
234. Cammarata, P. S., and Cohen, P. P., J. Biol. Chem., 187, 439-52 (1950) 
235. Feldman, L. I., and Gunsalus, I. C., J. Biol. Chem., 187, 821-30 (1950) 
236. Gunsalus, I. C., Federation Proc., 9, 556-61 (1950) 
237. Mueller, J. F., and Vilter, R. W., J. Clin. Invest., 29, 193-201 (1950) 
238. Snyderman, S. E., Carretero, R., and Holt, L. E., Jr., Federation Proc., 9, 371- 
72 (1950) eit 
239. Linkswiler, H., and Reynolds, M. S., J. Nutrition, 41, 523-32 (1950) 280, 
240. Sarett, H. P., J. Biol. Chem., 182, 691-97 (1950) Abdul 
241. Heimberg, M., Rosen, F., Leder, I. G., and Perlzweig, W. A., Arch. Biochem., 28, Abood 
Abrah: 
225-31 (1950) pear 
242. Cerecedo, L. R., and De Renzo, E. C., Arch. Biochem., 29, 273-80 (1950) Abrah 
243. Armstrong, K. L., Feldott, G., and Lardy, H. A., Proc. Soc. Exptl. Biol. Med., Abran 
73, 159-63 (1950) oo 
244. Beaton, J. R., Ballantyne, R. M., Lau, R. E., Steckley, A.,and McHenry, E. W., Abt, A 
J. Biol. Chem., 186, 93-96 (1950) Acher 
245. Sherman, H., Campling, L. M., and Harris, R. S., Federation Proc., 9, 371 (1950) = 
246. Karnofsky, D. A., Stock, C. C., Ridgway, L. P., and Patterson, P., J. Biol. 535 
Chem., 182, 471-78 (1950) Acker 
247. De Renzo, E. C., and Cerecedo, L. R., Proc. Soc. Exptl. Biol. Med., 73, 356-59 Ada, ( 
Asso har 
248. McNutt, W. S., and Snell, E. E., J. Biol. Chem., 182, 557-67 (1950) Adam: 
249. Intengan, C. L., Munsell, H. E., and Harris, R. S., Science, 111, 382—84 (1950) Adam: 
250. Krider, M. M., and Guerrant, N. B., J. Nutrition, 41, 115-26 (1950) pe 
251. Hegsted, D. M., and McPhee, G. S., J. Nutrition, 41, 127-36 (1950) Adler. 
252. Ershoff, B. H., Arch. Biochem., 28, 299-304 (1950) Adler: 
253. Skelton, F. R., Proc. Soc. Exptl. Biol. Med., 73, 516-19 (1950) ren 
254. Krehl, W. A., Bonner, D., and Yanofsky, C., J. Nutrition, 41, 159-72 (1950) , 
255. Hankes, L. V., and Elvehjem, C. A., Proc. Soc. Exptl. Biol. Med., 73, 550-53, Ahma 
(1950) Ahme 
256. Sarett, H. P., and Goldsmith, G. A., J. Biol. Chem., 182, 679-90 (1950) Pe 
257. Rose, W. C., Federation Proc., 8, 546-52 (1949) Alber; 
258. Sarett, H. P., J. Biol. Chem., 182, 659-70 (1950) Albert 
259. Perlzweig, W. A., Rosen, F., and Pearson, P. B., J. Nutrition, 40, 453-60 (1950) ye 
260. Burroughs, W., Edgington, B. H., Robison, W. L., and Bethke, R. M., J. Nutri- Albert 
tion, 41, 51-62 (1950) Albert 
261. Anderson, J. O., Combs, G. F., and Briggs, G. M., J. Nutrition, 42, 463-71 Albres 
(1950) Albrig 
Aldou: 
Aldric 
Alexa 
Alexa 
Alexai 
Alfin- 
Algar. 
Alicin 
Allen, 
Allen, 
Allen, 
Allfre 
Allgér 
Alliso 
346, 
Allsoy 
Almq 
309, 
326, 








50) 
tri- 


-71 





A 


Aaes-J¢rgensen, E., 278, 
280, 281, 282 
Abdulnabi, M., 310 
Abood, L. G., 541 
Abraham, E. P., 391 
Abraham, S., 49 
Abrahams, S. C., 133 
Abramowitz, S., 581 
Abrams, A., 113 
Abrams, R., 216 
Abt, A. F., 273, 327 
Acher, R., 32, 111, 392 
Acheson, R. M., 45 
Ackermann, W. W., 6, 474, 


535 
Ackerson, C. W., 320, 330 
Ada, G. L., 187 


Adair, G. S., 115 
Adams, B. J., 450 
Adams, D. H., 29, 343 
Adamstone, F. B., 316 
Addink, N. W. H., 350 
Adelberg, E. A., 471, 472 
Adler, F. L., 433 
Adlersberg, D., 193, 250 
Aebi, A., 45 
fo H., 24 
gren, G., 110, 313 
Ahmad, K., 380 
Ahmed, Z. F., 56 
Ajl, S. J., 195, 536, 539 
Albaum, H. G., 162, 163, 514 
Alberghini, C., 27, 268 
Albert, A., 242, 246, 250 
Albert, S., 347 
Alberti, C. G., 274 
Albertson, N. F., 104 
Alberty, R. A., 116, 430 
Albrecht, G., 134 
Albright, F., 246 
Aldous, J. G., 18 
Aldridge, W. N., 24, 29 
Alexander, A. E., 48 
Alexander, B., 288 
Alexander, H. E., 390, 424 
Alfin-Slater, R. B., 189 
Algar, J., 497 
Alicino, J. F., 382 
Allen, F. W., 153, 154, 160 
Allen, R. S., 270 
Allen, W. M., 236, 238 
Allfrey, V. G., 574 
Allgén, L. G., 33, 155 
Allison, J. B., 314, 315, 
346, 586 
Allsopp, C. B., 469 
Almquist, H. J., 305, 306, 
309, 320, 321, 322, 323, 
326, 333, 334 


AUTHOR INDEX 


Alper, C., 323 
Altman, K. I1., 189 
Altona, J., 403 
Altschule, M. D., 35 
Alway, C. D., 236 
Amano, T., 472 
Ambrose, E. J., 122, 123 
Ambrose, J. F., 33 
Ames, A., 3rd, 251 
Ames, D. E., 99 
Ames, S. R., 277 
Aminoff, D., 57, 420, 421, 
422, 423 
Amoérs, L., 52 
Amromin, G. D., 252 
Anagnostopoulos, C., 24 
Anand, N., 52, 165, 497 
Anchel, M., 396, 397 
Ancowitz, A., 546 
Anderlik, B., 401 
Andersen, C. E., 197 
Anderson, A. A., 391 


Anderson, E., 56, 68, 73 
Anderson, G. C., 333, 571 
Anderson, G, L., Jr., 48 


Anderson, J. G., 583 

Anderson, J. O., 590 

Anderson, J. T., 306, 307 

Anderson, L., 47, 52 

Anderson, P., 31 

Anderson, R. C., 47 

Anderton, J. I., 450 

Andervont, H. B., 343, 355 

Ando, T., 150 

Andreasen, A. A., 52, 196, 
519 

Andreen, J. H., 386 

Andrews, K. J. M., 52, 165 

Anfinsen, C. B., 33, 213, 
216, 534 

Angier, R. B., 106, 575 

Anker, H. S., 184, 186, 188, 
194, 240 

Anker, R., 574 

Anlyan, A. J., 345 

Anner, G., 233 

Annison, E. F., 49, 420 

Anno, K., 199 

Anslow, W. K., 563 

Ant, M., 286 

Anthony, D. S., 538 

Antoshkiw, T., 327, 328 

Appel, H., 498 

Appleman, D., 344 

Appleton, H. D., 286 

Aramburu, T., 573 

Ardao, M. I., 351, 539 

Arendt, J. M., see 
Meyer-Arendt, J. 

Argersinger, W. J., Jr., 48 

Armand, Y. J., see 


599 


Jacquot-Armand, Y. 
Armstrong, E. C., 355 
Armstrong, E. F., 506 
Armstrong, K. F., 506 
Armstrong, K. L., 587 
Armstrong, S. H., 121 
Armstrong, W. D., 291 
Arnason, T. J., 468 
Arnaud, L. E., 424 
Arnow, L. E., 422 
Aronoff, S., 45, 48, 551 
Arquie, E., 373 
Arriagada, A., 391 
Arthington, W., 103 
Artom, C., 187, 192, 198 
Asahina, Y., 496, 508 
Aschkenasy, A., 332 
Ashenbrucker, H., 577 
Ashenburg. N. J., 394 
Ashida, K.. 54 
Ashmore, J., 230 
Ashwell, G., 15 
Ashworth, J. N., 112, 427 
Asimov, I., 9 
Asmundson, V. S., 309 
Asselineau, J., 103 
Astbury, W. T., 69, 70, 74, 

114, 122, 123, 145, 146, 

360, 424 
Atchley, W., 182 
Atkins, M. E., 327 
Atkinson, R. O., 104 
Aubel, E., 17, 541 
Auerbach, C., 467, 468 
Augustinsson, K, B.. 28, 30 
Aurand, L. W., 314 
Austin, A. T., 105 
Austin, M. L., 479 
Avery, O. T., 424 
Awad, W. I., 110 
Axelrod, A. E., 99 
Axelrod, B., 26 
Axelrod, J., 444, 446, 452, 455 


B 


Babcock, G. M., 578 

Bacher, J. E., 153, 154, 160 

Bachmann, W. E., 229, 230, 
233 

Bacila, M., 26 

Bacon, R, L., 357 

Bacq, Z. M., 279, 442 

Baddiley, J., 167, 168, 173, 
194 

Badger, R. M., 50 

Badger, S. J., 425 

Baeder, D. H., 249 

Baer, E., 100, 530 

Baer, H., 420, 421, 422, 423 

Bailey, J. H., 401 








600 


Bailey, J. L., 107 

Bailey, K., 25, 111, 115, 117, 
162, 163 

Baily, G. F., 327 

Bain, J. A., 29, 541 

Baines, S., 400 

Baker, B. L., 191, 252, 253 

Baker, C. F., 250 

Baker, C. G., 189, 344 

Baker, F., 55 

Baker, G. L., 69, 71, 76, 
78, 80 

Baker, H., 388 

Baker, K. T., 398 

Baker, L. A., 358 

Baker, P. B., 385 

Baker, W., 44, 495, 502 

Baker, W. K., 351, 469 

Balakrishna, K. J., 492, 
495, 497 

Balamuth, W., 395 

Baldwin, R. L., 430 

Bale, W. F., 212 

Ball, C. D., 538 

Ball, E. G., 2, 536 

Ball, S., 563 

Balla, G. A., 283 

Ballantyne, M., 56, 70, 75, 
145 

Ballantyne, R. M., 587 

Ballard, G. P., 355 

Ballou, C. E., 53 

Balmain, J. H., 191 

Bambas, L. L., 387 

Bamford, C. H., 146 

Banerjee. D. K., 233 

Banes, D., 236 

Banfi, R. F., 536 

Bang, F. B., 360 

Banga, I., 162 

Banks, M. G., 171 

Banks, T. E., 416 

Barber, M. A., 34, 283 

Barbieri, G. P., 352 

Barch, S., 269 

Barczai-Martos, M., 53 

Bard, R. C., 527 

Bardolph, M. P., 48 

Bardos, T. J., 423, 578, 580 

Bargen, J. A., 245, 247 

Barker, G. R., 49, 50, 168 

Barker, H. A., 25, 45, 196, 
219, 475, 531 

Barker, H. B., 356 

Barker, S. A., 31, 54 

Barki, V. H., 294, 324 

Barkulis, S., 358 

Barnes, B. A., 112, 427 

Barnes, B. C., 327 

Barnes, F. W., 425 

Barnes, J. M., 358 

Barnes, R. H., 180, 333, 
567 

Barnes, R. S., Jr., 53 
Barnett, S. R., 32, 527 
Barnum, C. P., 153, 360 
Barratt, R. W., 468, 471 


AUTHOR INDEX 


Barrett, M. K., 347 

Barr6n, E. S. G., 13, 15, 216, 
350, 351, 355, 469, 514, 533, 
534, 539 

Barry, J. M., 171 

Barry, M. C., 233, 244 

Barski, G., 404 

Barth, L. G., 24 

Bartlett, P. D., 32, 213 

Bartter, F. C., 246 

Bartz, Q. R., 381, 382 

Bashford, V. G., 50 

Basinski, D. H., 34, 283 

Bassham, J. A., 48, 551 

Bassil, G. T., 237 

Bastiansen, O., 142 

Bateman, A. J., 468 

Bateman, M. M., 2 

Bates, R. W., 234, 235, 237 

Bather, R., 357 

Batty, I., 427 

Bauch, R., 467 

Baudu, L., 6 

Bauer, C. D., 295 

Bauer, K., 379 

Bauer, W., 78 

Baumann, C. A., 310, 326, 
578 

Baur, L., 68 

Bavetta, L. A., 324 

Beach, V. L., 30 

Beadle, B. W., 97 

Beadle, G. W., 467, 471, 472, 
473, 476 

Beadles, J. R., 305, 311, 317, 
319 

Beale, R. N., 157, 347 

Beall, B., 251 

Beall, D., 233, 234 

Bear, R. S., 146 

Beard, J. W., 415 

Bearse, G. E., 334, 389, 569 

Beaton, J. R., 587 

Beaven, G. H., 31, 67, 68, 
77 

Beaven, G. R., 560, 562, 563 

Beck, H., 195 

Beck, J. C., 250 

Becker, B., 45 

Becker, E. L., 418, 419 

Becker, M. M., 358 

Becks, H., 581 

Beeckmans, M. L., 184, 188, 
192, 239 

Beerstecher, E., 335, 399, 
476 

Beeson, W. M., 308 

Beevers, C. A., 141, 142 

Beevers, H., 528 

Begany, A. J., 249 

Beher, W. T., 270 

Behnke, J., 415, 426 

Behrendt, V., 423 

Behrens, O, K., 400 

Beiler, J. M., 581 

Beiser, S. M., 421, 422, 423 
Bell, D. J., 49, 53, 55 


Bell, E. T., 549 

Bell, G. H., 275 

Bell, J. M., 278, 325 

Bell, M., 359 

Bell, M. J., 308, 309 

Bellamy, A. W., 350 

Beloff, A., 216 

Bénard, H., 25 

Bender, A. E., 5, 477 

Bendich, A., 163, 165, 170, 
171, 172, 418, 420, 421 

Benditt, E. P., 305, 306 

Benedict, J. H., 88, 89, 99 

Benedict, R. G., 46, 373, 
374, 381 

Benham, G. H., 93 

Bennett, B. B., 327 

Bennett, E. L., 423 

Bennett, F. A., 514 

Bennett, L. L., Jr., 359, 576 

Bennett, M. A., 332, 456, 
564, 565 

Bennett, W. A., 240, 252 

Benotti, J., 349 

Bensley, E. H., 286 

Benson, A. A., 16, 48, 551 

Benson, R. H., 572 

Benson, W. M., 30 

Bentley, H. R., 106 

Bentley, R., 3 

Bentsath, A., 488 

Beppu, I., 493 

Berenblum, I., 357 

Berezovskii, V. M., 584 

Berg, C. P., 314, 315 

Berg, L. R., 334, 389, 569 

Berge, H., 91 

Bergel, F., 368 

Berger, J., 380, 381 

Berger, L., 2 

Berger, R. E., 359 

Bergmann, F., 29 

Bergmann, M., 106, 219, 221, 
223 

Bergmann, W., 161, 199 

Bergstriém, S., 105, 294, 474 

Berk, L., 574 

Berk, L. C., 91 

Berlin, J., 228, 231 

Bern, H. A., 269 

Bernal, J. D., 145 

Bernfeld, P., 30, 31 

Bernhard, A., 163, 345 

Bernhart, F. W., 294 

Bernhauer, K., 524, 527, 528 

Bernheim, F., 32, 97, 180, 
183 

Bernheim, M. L. C., 32, 180 

Bernhisel, H., 418 

Bernstein, E., 449, 450 

Bernstein, J., 371 

Bernstein, S., 295 

Berris, R. F., 548 

Berry, G. P., 394 

Berry, H. K., 311 

Berry, I. M., 197 

Berry, L. J., 415, 476 





Bl 


170, 


9, 576 
96, 


551 


, 569 


119, 221, 


199 
294, 474 


45 


527, 528 
180, 


32, 180 


150 


76 





Berry, W. K., 29 

Berryman, G. H., 320, 321 

Berthet, J., 23 

Bertrand, D., 9 

Bessman, S. P., 12, 34 

Best, C. H., 545 

Betheil, J. J., 214, 359, 543, 
576 

Bethell, F. H., 573, 574 

Bethke, R. M., 590 

Bettinett, G. F., 514 

Beutner, R., 32 

Bever, A. T., 25, 517 

Bever, G. T., 32, 527 

Bezer, A. E., 418, 420, 421, 
422 

Bhar, C., 507 

Bhattacharya, G., 546 

Bhattacharya, S., 468 

Bibler, W. G., 314 

Bickoff, E. M., 326, 327, 331, 
571 

Biedler, J. L., 359 

Bielschowsky, F., 457 

Bielschowsky, M., 162 

Biely, J., 270, 319 

Bier, O. G., 429, 430, 431, 
432 

Bierman, H. R., 355 

Biesele, J. J., 359, 577 

Bieter, R. N., 32 

Bijvoet, J. M., 48, 142 

Billingham, R. E., 481 

Binkerd, E. F., 91 

Binkley, F., 24, 35, 457, 
458, 575 

Binkley, W. W., 43, 52 

Birch, A. J., 229 

Bird, F. H., 308 

Bird, H. R., 313, 319, 332, 
333, 569, 570 

Bird, M. J., 468 

Bird, O. D., 544, 583 

Bird, R. M., 15 

Birnbaum, D., 404 

Bischoff, F., 27 

Biserte, G., 116 

Bishop, C., 250 

Bishop, M. N., 377 

Bissell, G. W., 248 

Bitman, J., 234, 235 

Bittner, J. J., 360 

Bjérneboe, M., 427 

Black, S., 539 

Blackmore, B., 290 

Bladon, P., 50, 51 

Blanchard, M. L., 537, 538 

Bland, E. F., 193 

Blaschko, H., 34 

Blay, H., 52 

Blaylock, L. G., 312, 313 

Blewett, M., 187, 198 

Blickman, J. R., 547 

Bliss, C. I., 270, 329 

Blix, G., 68, 78 

Bloch, H., 424 

Bloch, K., 184, 185, 186, 187, 


AUTHOR INDEX 


188, 189, 238, 239, 240 
Bloch, R. G., 403 
Blondheim, S. H., 245 
Bloom, D., 196, 288 
Bloom, S., 346 
Bloom, W. L., 191, 541 
Blout, E. R., 163 
Bluemle, L., 245 
Blumel, J., 466 
Blumenthal, H. T., 546 
Blunt, J. W., 252 
Boas, N. F., 31, 56 
Bocher, C. A., 350 
Bock, H., 73, 75, 77, 79, 82 
Bocklage, B. C., 244 
Boéckmann, K, W. F., 45 
Bodansky, O., 349, 441 
Bodenheimer, F. S., 285 
Bodin, M.-L. C., see 

Chevrel-Bodin, M.-L. 
Bodo, R. C. de, see 

de Bodo, R. C. 

Boehm, G., 75, 78 
Boéeseken, J., 43 

Bogash, R., 31 

Boggs, L., 43 

Bognar, R., 496, 498, 507, 508 
Bohstedt, G., 333 
Boissonnas, R, A., 54 
Boivin, A., 465 

Bokhoven, C., 142 

Bolcato, V., 514 

Bolene, C., 197, 568 
Bolhofer, W. A., 105 
Bollenback, G. N., 51 
Bollman, J. L., 23, 197, 287, 

288, 289 
Bolomey, R. A., 468 
Bolton, E. T., 416 
Bolton, W., 585 
Bommel, A. J. van, see 

van Bommel, A. J. 
Boncoddo, N. E., 200 
Bond, T. J., 578 
Bondy, P. K., 192 
Bongiovanni, A. M., 245 


Bonner, D. M., 468, 471, 472, 


473, 478, 589 
Bonner, W. A., 53, 54 
Bonner, W. D., Jr., 536 
Bonnet, R., 152 
Bonnichsen, R. K., 4, 6 
Bonser, G. M., 355 
Bonte, F. J., 358 
Bonzell, V., 351 
Bookman, J. J., 286 
Boot, L. M., 28 
Booth, A. N., 335 
Booth, V. H., 277, 327 
Boothe, J. H., 106, 575 
Borchers, R. L., 320, 330 
Borden, A. L., 250 
Borek, E., 32, 184, 187 
Borenfreund, E., 49 
Boresch, C., 196 
Borgstrém, B., 294 
Boroda, M., 373, 374 


Boroff, D. A., 425 
Bors, E., 245 
Borson, H. J.. 567 
Borsook, H., 1, 210, 211, 
212, 215, 216, 217, 218, 
219, 221, 222, 473 
Bortner, H. W., 158, 168 
Borud, A. M., 46 
Bose, A. K., 384 
Bose, J. L., 493 
Bosshardt, D. K., 333, 567 
Bostrém, H., 56 
Bothner-By, A A., 45 
Boucher, R, V_, 329 
Bouchilloux, S., 23 
Boughton, B. W., 294 
Bourdillon, J., 114 
Bourdillon, R., 113 
Bourne, E. J., 31, 52, 54 
Boursnell, J. C., 27, 426 
Boutwell, R. K., 360 
Bovarnick, M. R., 12, 34 
Bovens, B. R., 30 
Bowman, R. E., 99 
Bowman, W. M., 433 
Boxer, G E., 403, 564 
Boyd, W. C., 415, 426 
Boyden, A. A., 416 
Boyer, F., 373 
Boyes-Watson, J., 143 
Boyland, E., 352, 355, 454 
Bozzi-Tichadou, M., 111 
Brachet, J., 173 
Braddock, Z. I., 475 
Bradfield, A. E., 44 
Bradford, G. T., 578 
Bradlow, H. L., 233 
Brady, J., 183 
Brady, R. O., 180, 181, 184, 
185, 186, 187, 188, 189, 190, 
191, 547 
Brady, T. G., 160 
Brahinsky, R., 422 
Brahmachari, H. D., 193 
Brand, T. von, see 
von Brand, T. 
Brandt, E. L., 347 
Brandt, M., 247 
Brante, G., 198, 199 
Bratton, A. C., Jr., 451 
Brattsten, I., 116 
Bratzler, J. W., 278, 325 
Brauer, R. W., 29 
Braunstein, A. E., 214 
Brawerman, G., 157 
Bray, H. G., 32, 57, 422, 446, 
451, 454, 455, 457 
Bredereck, H., 160 
Bregoff, H. M., 550 
Brehm, W. J., 142 
Brekke, J., 97 
Brekke, O. L., 92 
Brendel, R., 581 
Brenner, M., 222 
Brent, M. M., 395 
Bresler, S. E., 108 
Bretscher, E., 266 








602 


Breusch, F. L., 182 

Brewster, P., 43, 105 

Briggs, D. R., 78 

Briggs, G. M., 330, 332, 335, 
577, 590 

Briggs, L. H., 492 

Brilmaver, H., 150 

Brimhall, B., 314 

Brinegar, M. J., 308, 309 

Brink, N. G., 44, 559, 560, 
561, 563 

Brinkman, J. H., 266 

Brisson, G. J., 313 

Bristow, N. W., 166 

Brockman, J. A., Jr., 333, 
578 

Brockmann, H., 371, 379, 
381, 382 

Brodie, B. B., 444, 446, 447, 
449, 450, 452, 455 

Brodie, D. C., 291 

Brodie, E. C., 250 

Broh-Kahn, R. H., 548 

Brohult, S., 118 

Brooks, M. C., 50 

Brooks, S. C., 430 

Brooksbank, B. W. L., 234, 
235, 242 

Broomhead, J. M., 138 

Broquist, H. P., 331, 332, 
333, 335, 564, 578, 579 

Browen, J. H., 273 

Brown, C. H., 479 

Brown, D. H., 423 

Brown, D. M., 52, 118, 119, 
160, 162, 168, 418, 419, 428 

Brown, F., 31, 53, 68, 77 

Brown, G. B., 165, 170, 171, 
172, 173 

Brown, G. M., 544, 582, 583 

Brown, N. C., 502 

Brown, P. K., 200, 272 

Brown, R., 424 

Brown, R. A., 116, 332, 428 

Brown, R. K., 112, 427 

Brown, S. A., 538 

Brown, S. O., 308 

Brown, W., 76 

Brown, W. E., 385 

Bruce, H. M., 278 

Bruce, W. F., 386 

Bruce, W.N., 459 

Briickner, V., 489 

Brues, A. M., 347, 355, 356, 
358 

Bruins, H. W., 330 

Brunius, E., 265 

Brunius, F. E., 432 

Brunner, M. P., 236 

Brush, M. K., 360 

Brust, A. A., 248 

Bryan, C. E., 359 

Bryant, D., 246 

Brzeski, W., 369 

Bubeck, M. R., 514 

Buchanan, J. G., 561 

Buchanan, J. M., 171, 181, 


AUTHOR INDEX 


188, 534 
Buchel, L., 16 
Biicher, T., 2 
Biichi, J., 167 
Buchka, M., 110 
Buckels, R. E., 92 
Biicking, E., 54 
Buckley, S. M., 359 
Budowski, P., 95 
Bueding, E., 460, 514 
Buehler, H. J., 31, 234, 235 
Buell, M. V., 14 
Buffa, P., 534 
Buhle, E. L., 383 
Buhs, R. P., 292 
Bukantz, S.C., 429 
Bulliard, H., 199 
Bullough, W. S., 252 
Bumpus, F. M., 90 
Bunding, I. M., 119 
Buosanto, M., 43 
Burchenal, J. H., 252, 355, 
359, 577, 578 
Burchenal, J. R., 359 
Burg, C., 278, 279, 293 
Burgen, A. S. V., 30 
Burk, D., 550 
Burkart, W., 487 
Burke, W. J., 398 
Burkholder, P. R., 480 
Burnet, F. M., 415 
Burns, J. J., 45 
Burns, T. W., 248 
Burnside, J. E., 334, 572 
Burr, G. O., 91 
Burrel, R. C., 551 
Burris, R. H., 4, 551 
Burroughs, W., 590 
Burrows, E. T., 104 
Burstein, L. S., 239 
Burt, N. S., 200 
Burton, H. S., 370, 396 
Burton, R. B., 235, 240 
Burton, V. L., 89 
Busch, H., 345, 534 
Buschman, D. M., 572 
Bush, I. E., 236 
Biising, K. H., 288 
Buston, H. W., 68 
Butenandt, A., 104, 357, 473 
Butler, C. L., 68 
Butler, G. C., 156, 426 
Butler, J. A. V., 155, 351, 353, 
466 
Butler, K., 51, 53, 169 
Butler, T. C., 442, 443, 444, 
447 
Butt, W. R., 236 
Buttle, G. A. H., 398 
Butts, H. A., 313 
Butts, J. S., 181, 312 
Buu-Hoi, N. P., 357, 387 
Buzas, A., 45 
By, A. A. B., see Bothner- 
By, A. A. 
Byerrum, R. U., 538 
Byron, J. E., 28, 202 


Cc 


Cahill, G. F., 245 

Cahill, J. J., 44, 561 

Cain, J. C., 197, 199, 287 

Cain, L., 311 

Calbert, C. E., 268, 294, 324 
326 

Calcutt, G., 352 

Caldwell, P. C., 151 

Caldwell, R. M., 475 

Calesnick, B., 32 

Califano, L., 153 

Calkins, E., 9 

Callenbach, E. W., 329 

Calvin, G., 423 

Calvin, M., 16, 48, 236, 354, 
423, 551 

Cama, H. R., 327 

Camboni, V., 348 

Camerino, B., 274 

Cammarata, P. S., 34, 118, 
119, 427, 586 

Campbell, C. J., 332 

Campbell, D. C., 574 

Campbell, E. D., 110 

Campbell, H., 573 

Campbell, I. G., 187, 198 

Campbell, J., 191, 403 

Campbell, J. G., 31, 460 

Campbell, P. N., 106 

Campillo, A. del, see 
del Campillo, A. 

Campling, L. M., 587 

Canessa-lIberra, I., 286 

Canetti, G., 402 

Cann, J. R., 116, 428 

Cannan, R. K., 419 

Cannon, P. R., 213, 306 

Cantarow, A., 240 

Cantero, A., 345 

Canzanelli, A., 25, 466, 524, 
526, 547 

Caputto, R., 25, 26, 46, 161, 
522, 545 

Caraveglio, R., 350 

Carboni, R. A., 390 

Cardini, C. E., 25, 26, 46, 161, 
545 

Carlisle, C. H., 145 

Carlson, C. W., 568, 571 

Carne, H. O., 180 

Carol, J., 236 

Caron, E. L., 390 

Carpenter, F. H., 154 

Carpenter, G., 573 

Carpenter, G. B., 136 

Carpenter, L. E., 276, 334, 
389, 572 

Carr, C., 382 

Carrasco-Formiguera, R., 
546 

Carretero, R., 586 

Carroll, E., 246 

Carroll, M. D., 425 

Carruthers, C., 345 

Carson, S. F., 538 





Carte! 
Carte! 
157, 
Carte! 
Carte! 
370, 
382, 
390, 
395, 
Carte: 
Cartw 
Carve 
Cason 
Caspa 
Castle 
Casto 
Casto 
Castr 
Catch 
Catro 
Caval 
358 
Caval 
Caval 
Cayle 
Cerec 
269, 
Chaff 
Chaik 
186, 
239, 
Chain 
Chaix 
Chak 
Chakt 
Chak: 
Chalr 
Cham 
Cham 
Cham 
Cham 
Cham 
Cham 
Chan 
Chan 
Chany 
Chan 
Chan 
Chan 
Chan 
Chan 
Chap 
Chap 
Chap 
Chap 
Char 
Char 
157 
Char 
494 
Char 
Chas 
Chat 
Chau 
Chau 
Chee 
Chel 


04 


161, 





Carter, B. B., 423 

Carter, C. E., 34, 43, 154, 
157, 158, 159, 544 

Carter, C. L., 451 

Carter, H. E., 47, 367, 369, 
370, 371, 372, 375, 380, 
382, 386, 387, 388, 389, 
390, 391, 392, 393, 394, 
395, 401 

Carter, P., 236, 237 

Cartwright, G. E., 577 

Carver, J. S., 332, 570 

Cason, J., 99 

Caspari, E. W., 473 

Castle, W. B., 574 

Castor, C. W., 252 

Castor, J., 480 

Castro-Mendoza, H., 192 

Catcheside, D. G., 469, 471 

Catron, D. V., 334, 389, 572 

Cavalieri, L. F., 163, 165, 
358 

Cavallero, C., 199 

Cavallito, C. J., 401 

Cayle, T., 163 

Cerecedo, L. R., 159, 163, 
269, 450, 587, 588 

Chaffee, E., 399 

Chaikoff, I. L., 13, 183, 184, 
186, 189, 190, 191, 196, 197, 
239, 547 

Chain, E., 398 

Chaix, P., 17 

Chakraborty, C. H., 192 

Chakravarti, D., 507 

Chakravarti, R. N., 142 

Chalmers, J. R., 104 

Chambers, D. C., 111 

Chambers, J. W., 275 

Chambers, L. A., 424 

Chambers, V. H., 68 

Chambers, W. N., 248 

Chamorro, A., 357 

Chance, B., 9, 10, 11, 406 

Chanda, S. K., 55 

Chang, F. C., 448 

Chang, F. N.-H., 286 

Chang, I., 95 

Chang, P., 52, 166 

Channon, H. J., 451 

Chantrenne, H., 107, 531, 532 

Chapin, J. M., 290 

Chapman, J. B., 359 

Chapman, J. H., 51 

Chappell, J. W., 8, 283 

Charaux, C., 493, 508 

Chargaff, E., 150, 153, 155, 
157, 158, 159, 173, 347, 560 

Chari, N. N., 489, 490, 493, 
494, 497, 507, 509 

Charkey, L. W., 332, 571 

Chase, J. H., 427 

Chatterjee, A., 268, 325, 326 

Chaudhuri, D. K., 28 

Chauvet, J., 17 

Cheever, F.S., 429 

Cheldelin, V. H., 545, 581, 582 


AUTHOR INDEX 


Chen, C., 423 

Chen, J. L., 584 

Chen, S.-Y., 481 

Chen, T. H., 389 

Chenavier, P., 285 

Cheney, G., 292, 293 

Cheng, A. L. S., 326 

Cheng, C.-P., 251 

Chernick, S. S., 184, 186, 189, 
190, 191, 547 

Cheshire, J. D., 541 

Chevailler, A., 278, 279, 293 

Chevillard, L., 29 

Chevrel-Bodin, M.-L., 269, 
284 

Chibnall, A. C., 118 

Chiménes, A. M., 354, 480 


Chin, C., 584 


Chin, C. H., 18 

Chiu, C. Y., 248, 549 

Chou, T. C., 25, 35, 517, 531, 
533 

Choucroun, N., 103, 424 

Chovin, P., 391 

Chow, B. F., 323, 418, 566, 
567 

Chow, T. C., 194 

Christensen, H. N., 310, 390 

Christian, W., 527 

Christiansen, G. S., 519 

Chu, F., 430, 432 

Chudzik, E. B., 197 

Ciaranfi, E., 344 

Cinader, B., 425 

Cintron-Rivera, A. A., 574 

Ciocca, B., 47 

Ciotti, M. M., 535 

Ciusa, W., 162, 452 

Claesson, I. M., see 
Moring-Claesson, I. 

Clagett, C. O., 4, 28 

Clandinin, D. R., 319 

Clapper, W. E., 476 

Clark, H. E., 317 

Clark, H,. W., 6, 160 

Clark, J. B., 351, 470 

Clark, M. C., 569 

Clark, R. K., Jr., 47, 373, 374 

Clark, V. M., 165, 168 

Clark, W. G., 489, 490 

Claude, A., 217 

Clavert, J., 114 

Clawson, J. R., 424 

Claycomb, C. K., 46 

Clayson, D. B., 457 

Clayson, D. H. F., 77 

Clayton, B. E., 234, 248 

Clayton, J. C., 104 

Clayton, R., 324 

Cleland, G. H., 351, 467, 468, 
470 

Clen, K. K., 48 

Clews, C. J. B., 137, 138 

Clifton, E. E., 349 

Cline, W. A., 404 

Closson, O. E., 456 

Cloudman, A, M., 358 


603 


Cloutier, A. A., 35, 534 

Clowes, G. H. A., 12, 16, 541 

Coad, R. A., 99 

Coates, M. E., 268, 270, 276, 
326 

Cochran, K. W., 24 

Cochran, W., 137, 138 

Code, C. F., 251 

Cohan, M. S., 347 

Cohen, H., 234, 235, 237 

Cohen, J. A., 30, 548, 549 

Cohen, P. P., 34, 35, 113, 
219, 586 

Cohen, S., 32 

Cohen, S. G., 55 

Cohen, S. L., 234, 235 

Cohen, S. S., 46, 173, 401, 
424, 523, 524, 526 

Cohn, E. J., 112, 117, 427, 
429 

Cohn, H., 245 

Cohn, M., 417, 418, 419, 428 

Cohn, W. E., 34, 49, 154, 157, 
158, 159, 347, 544 

Colby, R. W., 334, 573, 577 

Cole, P. Q., 215 

Coleman, G. H., 48 

Colemar, V. R., 389 

Collins, A., 239, 549 

Collins, F. D., 271 

Collins, R. A., 294, 324 

Collinson, E., 34 

Collins-Williams, J., 545 

Colon, A. A., 372 

Colén, I. A., 52 

Colowick, S. P., 535, 543, 
544, 548 

Colsky, J., 578 

Colton, F. B., 232 

Combs, G. F., 315, 330, 568, 
571, 577, 590 

Common, R. H., 313 

Conchie, J., 57 

Condliffe, P. G., 119 

Coniglio, J. G., 197 

Conley, C. L., 566 

Conn, J. W., 246, 250 

Connell, J. J., 56, 68 

Connors, W. M., 27 

Conrat, H. F., see Fraenkel - 
Conrat, H. 

Conrat, J. F., see Fraenkel- 
Conrat, J. 

Conroy, E. A., 98 

Consden, R., 108 

Consolazio, C. F., 320 

Constantin, M. J., 28 

Contardi, A., 47 

Conway, B. E., 155 

Cook, A. H., 107, 164, 173, 
385 

Cook, E. R., 245 

Cook, H., 346 

Cook, M., 181, 533 

Cooley, G., 560, 561 

Coon, J. M., 541 

Coon, M. C., 185, 188 








604 


Coons, A. H., 429 

Cooper, D., 270 

Cooper, E. J., 33 

Cooper, O., 536 

Cooper, P. D., 382, 398 

Cooper, P. W., 50 

Cooperstein, S. J., 8 

Copeland, D. H., 280, 330, 
356, 586 

Copenhaver, J. H., Jr., 201 

Copley, M. J., 78, 81 

Corbett, W. M., 52 

Corcoran, A. C., 235, 245, 
251 

Cordasco, M. _ 106 

Corey, E. J., 383 

Corey, R. B., 134, 136 

Cori, C. F., 3, 26, 31, 516, 
521, 522, 527 

Cori, G. T., 3, 26, 31, 517, 
521, 522, 527, 548 

Cormier, M., 269, 283, 284, 
285 

Cornatzer, W. E., 198 

Cortis-Jones, B., 119 

Corwin, A, H., 2 

Cosgrave, R., 569 

Cosgrove, D. J., 153 

Cosmos, E., 251 

Costello, M., 117 

Cosulich, D. B., 578 

Cotes, P. M., 191 

Couch, J. R., 308, 313, 330, 
332, 569, 570, 571, 573 

Courtois, J., 23, 24 

Cowan, K. M., 433 

Cox, C. D., 196 

Cox, E. G., 131 

Cox, R. L., 234 

Coxon, mm. Veo 12, 534 

Crabtree, H. G., 352, 454 

Craig. D., 441 

Craig. J. A., 544, 582, 583 

Craig. J. M., 54 

Craig. L. C., 441 

Cramer, F., 43, 55 

Crampton, C. F., 427 

Crampton, E. W., 278, 325 

Crandall, D. I., 180, 181, 184 

Cravens, W. W., 313, 318, 
319, 330, 335, 579 

Creaghan, M. V., 286 

Creech, W. R., 359 

Cremer, H. D., 116 

Cremer, M. A., 355 

Crepax, P., 115, 450 

Crépv, O., 237 

Cretcher, L. H., 68 

Creveld, S. van, see 
van Creveld, S. 

Croft, C. C., 432, 433 

Crokaert, R., 581 

Crombie, L., 390 

Cron, M. J., 46 

Crook, E. M., 528, 529 

Crooke, A. C., 119 

Crooks, H. M., 387 


AUTHOR INDEX 


Croson, M., 195 

Crossley, A., 98 

Crossley, M. L., 355, 359 

Crossman, G., 465 

Crowder, J. A., 56 

Crowe, R. W., 88 

Crowell, J. E., 23 

Crowfoot, D., 131, 133, 136, 
141, 143 

Crowson, C. N., 430 

Cruickshank, D. W. J., 133 

Crvymble, M., 247 

Csapo, A., 249 

Csonka, F. A., 313 

Cubiles, R., 154 

Cuendet, L. S., 43 

Culbertson, C.C., 334, 389, 
572 

Cullen, M., 379 

Cullinane, N. M., 496 

Cumming, E., 468 

Cunha, T. J., 334, 389, 572, 
577 

Cunningham, K. G., 371 

Cunningham, L., 212, 346, 
347 

Cunningham, M., 181, 182, 
533 

Cunningham, R. W., 569 

Cupfer, H., 425 

Curtis, M. R., 357 

Cutler, C. H., 181 

Cutler, V. M., 471 

Czekalowski, J. W., 386 

Czimmer, A. G., 488 


D 


Da Costa, E., 324 

Dahlstrom, R. V., 332 

Dainton, F. S., 34 

Dalgliesh, C. E., 122, 146, 
381, 382 

Dam, H., 278, 279, 280, 281, 


282, 284, 286, 288, 291, 292, 


325 
Damast, B., 548 
D'Ambrosia, A., 379 
Damme, R. van, see 

van Damme, R. 
Damodarian, M., 213 
Dana, A. S., 577 
Dandliker, W. B., 423 
Danford, H. G., 247 
Danford, P. A., 247 
Dangschat, G., 47 
Danielli, J. F., 23 
Daniels, T. C., 48, 286, 287 
Daniels, W. B., Jr., 573 
Daoust, R., 345 
Darby, W. J., 573 
D'Arcy Hart, P., 391, 406 
Darmon, S. E., 122, 146 
Dartnall, H. J. A., 272 
Das, R., 23 
Da Silva, A. C., 308 
Dasler, W., 295 


Dauben, W. G., 13, 183, 186, 
196, 229, 233, 448 

Daubert, B. F., 88, 89, 90, 
91, 93, 97, 98, 99, 193, 293 

Daudel, P., 352 

Daudel, R., 352 

Daughaday, W. H., 248 

Dauphiné, A., 76 

Davenport, H. W., 248 

David, W. E., 34 

Davidson, C. S., 418 

Davidson, E., 143 

Davidson, H. M., 519 

Davidson, I. W. F., 191 

Davidson, J. A., 313 

Davidson, J. N., 151, 351 

Davies, D. R., 29 

Davies, G. D. M., see 
Maengwyn-Davies, G. D, 

Davies, H. F., 110 

Davies, R. E., 2 

Davis, B., 426 

Davis, B. D., 400, 471, 472, 
474 

Davis, E. M., 244 

Davis, G. K., 581 

Davis, H. A., 311 

Davis, J. B., 539 

Davis, R., 566 

Davis,’S. B., 98 

Davison, D. C., 7 

Davisson, J., 387 

Davoll, J., 52, 166 

Dawson, C. A., 9 

Day, H. G., 268, 326 

Day, J. O. R., 391 

Day, P. L., 6, 15, 217, 360, 
576 

Day, R. L., 421, 422 

Davton, S., 55 

De Almeida, J. O., 431, 433 

Deane, H. W., 429 

Deanesly, R., 121 

Deas, C. P., 313 

Deasy, C., 473 

Deasy, C. L., 211, 212, 215, 
216, 217, 218, 219, 221 

De Biase, S., 323, 418 

de Bodo, R. C., 546 

Debot, A., 116 

Decker, A. B., 324 

Dedonder, R., 55 

de Duve, C., 23 

Deferrari, J. O., 48 

de Garilhe, M. P., see 
Privat de Garilhe, M. 

de Goursac, F., 96 

Degtyar, R. G., 25 

Dekker, C. A., 44, 109, 160 

de la Haba, G., 475 

Delaney, J. C., 48 

Delbriick, M., 467, 479 

del Campillo, A., 536, 537, 
538 

Della Monica, E. S., 24 

Delluva, A. M., 171 

Delor, R. A., 295 





Del Px 
Delwi 
Deme: 
Demir 
Demp: 
Demp: 
Denke 
Denst 
Dent, 
Dento 
Dento 
Dentz 
de Ol; 
Oliv 
De Re 
Deria 
Derot 
Dervi 
Dervi 
Desm 
Desm 
Desnt 
Desrt 
Deue! 
Deue! 
268. 
Deulc 
Deuti 
Deut: 
119 
Deut: 
Devo 
de V: 
DeV: 
DeVr 
Dewa 
Dewe 
Dewe 
Dewe 
de W 
DeW 
DeY« 
Diaz 
Jin 
DiC 
Dick 
Dick 


Dick 

47 
Dick 
Dick 
Dick 
Dieh 
Dier 
Diet 
DiL 
Dill. 
Dill 
Dill 
Dill 
Dim 
Dim 
Din, 


Din 
Dip 


3, 186, 


9, 90, 
13, 293 


, 472, 


, 360, 


1, 433 


}, 215, 


), 160 


537, 





Del Pomo, M., 199 

Delwiche, E. A., 536 

Demerec, M., 466, 468, 476 

Deming, Q. B., 251 

Dempsey, E., 246 

Dempster, E., 216, 314 

Denkewalter, R. G., 562 

Denstedt, O. F., 417 

Dent, C. E., 103, 104 

Denton, A. E., 310, 316 

Denton, C. A., 313, 332 

Dentz, F. A., 358 

de Oliveira, D., see 
Oliveira, D. de 

De Renzo, E. C., 587, 588 

Deriaz, R. E., 51 

Derouaux, G., 112, 427 

Dervichian, D. G., 144 

Dervinis, A., 249 

Desmarais, M. H. L., 245 

Desmedt, B., 78 

Desnuelle, P., 28 

Desreux, V., 153 

Deuel, H., 78, 79 

Deuel, H. J., Jr., 181, 189, 
268, 294, 321, 324, 325, 326 

Deulofeu, V., 48, 50 

Deuticke, H. J., 115, 199 

Deutsch, H. F., 416, 117, 118, 
119, 417, 418, 419, 427 

Deutsch, S., 491 

Devor, A. W., 49 

de Vries, A., 288 

DeVries, J. A., 427 

DeVries, W. H., 44, 544, 562 

Dewar, M. J. S., 353 

Dewey, H. M., 426 

Dewey, J. E., 476 

Dewey, M., 425 

de Whalley, H. C.S., 49 
DeWitt, J. B., 371 

DeYoung, M., 422 

Diaz, C. J., see 
Jiménez Diaz, C. 

Di Carlo, F. J., 171 

Dick, G. F., 355 

Dickens, F., 3, 46, 173, 454, 
455, 523 

Dickey, F. H., 351, 467, 468, 
470 

Dickman, S., 351, 469 
Dickman, S. R., 35, 534 
Dickson, G. T., 104 

Diehl, H. W., 50, 51 
Diemair, W., 196 

Dietrich, L. S., 333, 569 
DiLapi, M. M., 428 

Dill, W. A., 388, 451 
Dillard, G. H., 191 

Dillon, M. L., 415 

Dillon, T., 56 

Dimick, M. K., 567 
Dimroth, K., 160 
Dingemanse, E., 234, 241, 
242 

Dinning, J. S., 6, 360 
Dippel, C. J., 377 


AUTHOR INDEX 


Dippell, R. V., 478, 479 

DiRaimondo, F., 399 

Dirscherl, W., 249, 548, 549 

Dische, Z., 15, 49, 421, 422, 
526 

Distéche, A., 116 

Dittmer, K., 166 

Dixon, M., 521 

Djerassi, C., 228, 229, 231, 
249 

Dju, M. Y., 277, 325 

Dniochowski, L., 360 

Dobbert, N. N., 214 

Dobriner, K., 233, 234, 237, 
240, 241, 242, 243, 244, 
246, 252, 355 

Dobson, F., 385 

Dodgson, K. S., 44, 452, 457 

Doery, H. M., 372 

Doesburg, J. J., 79, 80, 81 

Dohan, F. C., 245 

Doherty, D. G., 54 

Doisy, E. A., 31, 234, 235, 
244 

Doisy, E. A., Jr., 244 

Doisy, P. P., 31, 234, 235 

Doisy, R. J., 235 

Dolgoff, S., 358 

Dollear, F. G., 89, 90, 93, 95 

Dolphin, J., 251 

Doniger, R., 158, 159, 347 

Donin, M. N., 375, 376, 377 

Donohue, J., 131, 134, 136 

Donovick, R., 404 

Dorfman, A., 31 

Dorfman, L., 295 

Dorfman, R. I., 5, 239, 241, 
242, 243, 248, 249, 251, 252 

Dornberger, K., 145 

Dornberger -Schiff, K., 143 

Dos Anjos, W., 291 

Dotti, L. B., 198 

Doudoroff, M., 25, 45, 219, 
477, 519, 522 

Dougherty, N., 379, 390 

Dougherty, T. F., 357, 427 

Douglass, C. D., 45 

Dounce, A, L., 6, 11, 27, 32, 
160, 344, 527 

Dowdy, A. H., 350 

Dowdy, A. J., 546 

Downey, W. E., 319 

Dozois, T. F., 430 

Drabkin, D. L., 8, 144 

Drachman, S. R., 250 

Drake, N. A., 236, 372 

Drefahl, G., 52 

Dreiding, A. S., 229 

Drill, V. A., 198, 566 

Dritch, R., 193, 250 

Drucker, B., 109 

Drury, D. R., 515 

Dubnoff, J. W., 210, 219 

DuBois, K. P., 24 

Dubost, M., 372 

Dubouloz, P., 269, 327, 328 

Dubuisson, M., 113, 114, 115, 


605 


116 
duBuy, H. G., 11, 477 
Duca, C. J., 388 
Ducay, E. D., 150 
Duckert, F., 30 
Dudley, M., 197 
Duell, H., 251 
Duff, G. L., 191 
Dufrenoy, J., 291 
Dugan, L. R., 95, 97 
Duggan, E. L., 154 
Dukes, C. D., 424 
Dumrose, R., 514 
Dunitz, J. D., 131, 133, 141, 
388 
Dunlap, L. H., 89 
Dunn, G., 371 
Dunn, M. E., 581 
Dunn, M. S., 110, 111, 164, 
567 
Dunn, R. C., 334, 573 
Dunning, W. F., 357 
Dunshee, B. R., 380 
Dunsky, I., 276 
Dupret, L., 23 
Durbin, G. T., 294 
Durell, J., 271 
Diirr, K., 277 
Durrum, E. L., 116 
Durso, D. F., 44, 49 
Dustan, H. P., 235, 245 
Dustin, A. P., 356 
Dutcher, J. D., 370, 371, 375, 
376, 377, 381, 382, 386 
Dutcher, R., 389 
Duthie, E. S., 398 
Duthie, J. J. R., 244 
Dutra, F. R., 358 
Dutton, H. J., 92 
Duve, C. de, see 
de Duve, C. 
du Vigneaud, V., 112, 565 
Dvonch, W., 50, 54 
Dvornikova, P. D., 25 
Dworetzky, M., 251 
Dver, H. M., 215, 356 
Dvggve, H., 290 
Dyke, H. B. van, see 
van Dyke, H. B. 
Dyke, W. J. C., 574 
Dyniewicz, H. A., 273, 327 
Dziewiatkowsky, D. D., 458 


E 


Eadie, G. S., 32 

Eakin, R. E., 359, 474 
Earle, W. R., 358 
Easterby, D. G., 44, 56 
Easterling, L., 568 
Eastham, J. F., 229 
Eaton, B. B., 429 

Eaton, H. D., 269, 270 
Eckart, H., 80 

Ecker, E. E., 429, 430, 432 
Eddy, C. R., 69, 76, 78, 80 
Edelhausen, J. H., 563 








606 


Eden, E., 27, 265, 268, 269, 
277, 327 

Edgington, B. H., 590 

Edlinger, E., 403 

Edman, P., 109 

Edmonds, M., 171 

Edsall, G., 425 

Edsall, J. T., 113, 117 

Edson, N. L., 12 

Edwards, H. M., 334, 389, 
572 

Edwards, M. S., 250 

Edwards, P. C., 359 

Edwards, R. R., 217 

Edwards, S., 5 

Eekelen, M. van, see 
van Eekelen, M. 

Egami, F., 8 

Egan, R. W., 350 

Ehrensvard, G., 194 

Ehrenthal, I., 43 

Ehrlich, F., 69 

Ehrlich, J., 388 

Eichenberger, K., 230, 232 

Eidinoff, M. L., 233 

Eigen, E., 580 

Eiler, J. J., 540 

Einbinder, J., 57 

Eisen, H. N., 415, 416, 427, 
428, 429 

Eisenmenger, W. J., 245 

Ek, B., 24 

Ekman, B., 241, 242, 246 

Ekman, G., 247 

Elberg, S. S., 285, 424 

El Borolossy, A. W., 398 

Elder, A. H., 313 

Elek, S. D., 417 

Elfving, G., 284 

El Heweihi, Z., 51, 168 

Eliel, L. P., 246, 252 

Elion, G. B., 169, 576 

Elks, J., 104 

Ellefson, @., 142 

Ellenberg, M., 286 

Ellenbogen, E., 118, 239, 549 

Ellicott, C. E., 566 

Ellinger, F., 253 

Elliott, A., 122, 123 

Elliott, D. F., 105 

Elliott, H. A., 113, 193 

Elliott, W. B., 533, 543 

Elliott, W. E., 14 

Elliott, W. H., 244 

Ellis, B., 559, 560, 561, 562, 
563 

Ellis, G. W., 96, 99 

Ellman, P., 294 

Elmore, D. T., 159, 160 

Elsden, S. R., 173 

Elson, D., 158, 159, 347 

Elson, L. A., 476 

Elster, S. K., 193 

Elvehjem, C. A., 213, 294, 
306, 310, 313, 314, 315, 
316, 318, 319, 324, 330, 
331, 333, 335, 388, 567, 


AUTHOR INDEX 


568, 569, 589 
Elvidge, J. A., 371, 387 
Elwyn, D., 171, 172, 576 
Embree, N. D., 265 
Emerson, G. A., 252, 357, 
561, 586 
Emerson, R. L., 5 
Emerson, S., 476 
Emery, W. B., 372, 563, 579 
Emmens, C. W., 251 
Emmerie, A., 285, 325 
Enders, J. F., 424 
Endres, G., 487 
Enenkel, H. J., 116 
Engel, B. G. v., 369 
Engel, C., 325 
Engel, L. L., 233, 236, 237, 
247, 248, 418 
Engel, R. W., 356, 360 
Engelmann, M., 358 
Engle, E. T., 245 
English, J. P., 215 
English, M. M., 250 
Engstrom, W. W., 233, 245 
Ennis, W. B., Jr., 467 
Entenman, C., 13, 183, 186, 
196, 197 
Ephrussi, B., 18, 354, 480, 
4 


Epstein, M., 574 

Erdés, T., 114 

Erickson, E. M., 281 

Erickson, R. O., 152 

Erilinne, D., 52 

Erkama, J., 291 

Ernster, L., 25 

Ershoff, B. H., 269, 389, 
568, 589 

Erulkar, S. D., 14 

Ervin, R. F., 332 

Erwin, C. P., 348 

Erxleben, H., 348 

Etili, L., 416 

Etling, N., 16 

Eugster, C. H., 267 

Euler, H. v., 24, 48, 267, 
343 

Euw, J. v., 45 

Evans, E. F., 55 

Evans, H. M., 119, 152, 190, 
357, 581 

Evans, J. D., 15 

Evans, J. S., 44, 544, 562 

Evans, R. J., 313, 333 

Evans, R. S., 423 

Evenson, A., 388, 568 

Everett, M. R., 348 

Everett, N. B., 244 

Everson, G., 586 

Evreinova, T. N., 31 


F 


Fabre, A., 454 

Fabry -Hamoir, C., 113 
Fachini, G., 277 

Facq, L., 116 


Fager, E. W., 48, 551 

Faguet, M., 403 

Fahrenbach, M. J., 578 

Fair, T. W., 106 

Fairley, J. L., Jr., 152, 159, 
475 

Fajans, S. S., 250 

Falco, E. A., 169 

Fang, S. C., 312 

Fankuchen, I., 145 

Fantes, K, H., 563 

Fantl, P., 180 

Farah, A., 251 

Farber, E., 197, 215, 566 

Farber, R. K., 191 

Farghaly, A., 471 

Fargo, W. C., 333 

Farkas, L., 507 

Farmer, F. A., 278, 325 

Farrer, K. R., 46 

Fasan, D. M., 404 

Faure, F., 417 

Faust, E. C., 388 

Favarger, P., 197 

Favour, C. B., 433 

Fawcett, D. W., 191 

Fearon, W.R., 441 

Feeney, R. J., 161 

Feinberg, H., 197 

Felch, W. C., 198 

Feldman, J. D., 253 

Feldman, L. I., 586 

Feldott, G., 307, 315, 316, 
405, 541, 587 

Felix, K., 288, 289, 431 

Feller, D. D., 547 

Fels, I. G., 545 

Felser, H., 77 

Felts, J. M., 186, 547 

Fenner, F., 415 

Ferguson, C. C., 566 

Ferguson, N. M., 45 

Ferguson, W. G., 459 

Fernandez -Garcia, R., 52 

Ferrando, R., 266, 270, 285 

Ferris, E. B., 248 

Ferris, F. H., 307, 308, 309 

Feuge, R. O., 89, 100 

Fevold, H. L., 320, 321, 322 

Fiala, S., 17, 542 

Field, E. T., 89, 95 

Field, J. B., 289 

Field, N. S., 250 

Fields, M., 163 

Fieser, L. F., 43, 229, 230, 
352, 448 

Fikentscher, H., 498 

Filitti-Wurmser, S., 1, 416 

Fillerup, D. L., 324 

Fillman, J. L., 104 

Finch, C. A., 289 

Fincham, J. R. S., 471, 473 

Finkel, M. P., 358 

Finland, M., 389, 404 

Finlay, A. C., 378, 380 

Finnegan, J. K., 459 

Finney, D. J., 276 





Fin 
Fio 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fis 
Fit 
Fit 
Fit 
Fla 
Fla 
Fle 
Fle 
Fle 


Fle 


30, 





Finogenov, P. A., 108 

Fiore, J. V., 28, 201 

Fischel, E. E., 415, 427 

Fischer, A., 348 

Fischer, C. J., 275 

Fischer, E., 116 

Fischer, E. H., 30 

Fischer, H. O. L., 46, 47, 50 

Fischer, J. D., 119 

Fischer, R. A., 171 

Fisher, J. W., 430 

Fisher, K. C., 18 

Fisher, S., 433 

Fishman, W. H., 31, 345 

Fitelson, J., 93 

Fitzgerald, P. J., 428 

Fitzpatrick, T. B., 9, 475 

Flach, W. R., 314 

Flataker, L., 249 

Fleming, D. S., 426 

Fleming, T. C., 247 

Fletcher, H. G., Jr., 43, 50, 
51, 53 

Fleury, P., 24 

Fling, M., 49, 472 

Flinn, F. B., 444 

Flock, E. V., 23, 197 

Flood, A. E., 44 

Flood, V., 351, 469 

Florey, H. W., 391 

Florijn, E., 16 

Floyd, N. F., 180 

Fliick, H., 284 

Fliickiger, E., 284 

Flynn, E. H., 580 

Flynn, J. P., 497 

Flynn, L. M., 451 

Fodor, P. J., 28, 35, 104, 
105, 201, 202 

Folch, J., 199 

Foldes, P., 548 

Foley, G. E., 402, 476 

Folkers, K., 44, 375, 376, 
377, 383, 559, 560, 561, 
562, 563, 574 

Folkes, B. F., 57 

Folley, S. J., 185, 191 

Fontaine, T. D., 45 

Foote, F. W., 428 

Foote, M. W., 291, 395 

Forbes, A. P., 246 

Forbes, J. C., 191 

Forbes, T. R., 240 

Forchielli, E., 32, 56 

Ford, J. H., 367, 369, 370, 
371, 372, 375, 380, 382, 
386, 387, 388, 389, 390, 
391, 392, 393, 394, 395 

Formiguera, R. C., see 
Carrasco-Formiguera, R. 

Forney, J. E., 424 

Forrest, H. S., 585 

Forsham, P. H., 228, 246, 
247, 250, 251, 252 

Forsyth, W. G. C., 56 

Forsythe, R. H., 115 

Foster, A. B., 51 


AUTHOR INDEX 


Foster, J. F., 115 

Foster, J. W., 538 

Foulkes, E. C., 11 

Foulks, J., 251 

Fourman, P., 246 

Fowler, A. F., 286 

Fowler, E. H., 350 

Fowler, W. F., Jr., 55 

Fox, A. S., 477 

Fox, C. L., Jr., 251, 474 

Fox, D. L., 267 

Fradkin, R., 289 

Fraenkel-Conrat, H., 32, 49, 
112, 120, 121, 150, 221, 
223, 313, 318, 392 

Fraenkel-Conrat, J., 120 

Frahm, R., 313 

Francis, G. E., 416 

Frank, S., 24 

Frank, V. S., 106, 107, 219 

Frankel, S., 103, 349 

Frankfurt, B., 81 

Franklin, A. L., 332, 568 

Franks, M., 546, 548 

Franks, W. R., 357 

Frantz, I. D., Jr., 216, 218, 
221 

Frawley, T. F., 228, 246, 
250, 251, 252 

Frazer, A. C., 196 

Frazier,-L. E., 305, 306, 323 

Frazier, L. J., 213 

Fredericq, E., 116, 118 

Fredericq, P., 476 

Freedman, D. A., 418 

Freedman, L. D., 2 

Freeman, E. B., 251 

Freeman, G. G., 370 

Freeman, M. E., 31 

Freeman, S., 276 

French, D., 30, 55, 516 

French, T. H., 185, 191 

Frérejacque, M., 44 

Fretwurst, F., 452 

Freudenberg, K., 52, 55, 498 

Frey, K. J., 314 

Frey, P. R., 268, 328 

Frick, N., 230 

Fridenson, O., 282 

Fried, R., 308 

Friedberg, F., 111, 211, 214, 
216 

Friedell, H. L., 358 

Friedenwald, J. S., 23 

Friedgood, C. E., 359, 546, 
548 

Friedgood, H. B., 237 

Friediani, H. A., 372 

Friedkin, M., 25, 46, 169, 
525 

Friedman, B., 18 

Friedman, L., 49, 317 

Friedman, O. M., 23 

Friedrich-Friksa, H., 357 

Fries, B., 45 


Fries, N., 467, 468, 471, 473, 


474, 475 


607 


Friksa, H. F., see 
Friedrich-Friksa, H. 

Frisch-Niggemeyer, W., 33 

Fritschi, U., 78 

Fritz, J. C., 328, 329 

Fritzsche, H., 167 

Fromageot, C., 32, 111, 112, 
392 

Fronius, E. K., see 
Kerpel-Fronius, E. 

Frush, H. L., 43, 48, 54, 77 

Fruton, J. S., 32, 106, 109, 
219, 220, 221, 223, 248, 399 

Fuehrer, J., 229 

Fuerst, R., 467, 468, 470 

Fugo, N. W., 244 

Fujise, S., 494 

Fujiwara, M., 584 

Fukuda, T., 488 

Fukuhara, T. K., 169 

Fukui, T., 294, 324, 326 

Fukuoka, F., 343 

Fukushima, D. K., 232, 233, 
234, 241, 244, 497 

Fuld, M., 517 

Fuller, A. T., 393 

Fuller, F. W., 388 

Fuller, H. V., 78 

Fulton, J. D., 133 

Fumoto, T., 56 

Furberg, S., 139, 153, 162 

Furman, R. H., 573 

Fiirst, A., 230 

Furst, S. S., 165, 170, 171 


G 


Gabrielsen, E. K., 292 

Gabrilove, J. L., 246 

Gaebler, O. H., 32, 213, 270 

Gaffron, H., 48 

Gage, T. B., 45 

Gagliano, T., 291 

Gahan, J. B., 476 

Gaines, D. S., 576 

Gajdusek, D. C., 150 

Gakhokidze, A. M., 52 

Gal, E. M., 359, 575 

Gale, D., 285 

Gale, E. F., 398 

Gale, P. H., 375, 376 

Galinsky, I+, 347 

Galkowski, T. T., 54 

Gallagher, J. J., 371 

Gallagher, T. F., 228, 231, 
232, 233, 236, 244 

Galston, A. W., 584 

Galvin, J. A., 145 

Gamble, J., 345 

Gameltoft, A., 192 

Ganetti, M. E., 357 

Ganguly, S. K., 575 

Garcia, R. F., see 
Fernandez -Garcia, R. 

Garcia Lopez, G., 573, 574, 
579 

Gardner, G. M., 375 








608 


Gardner, J. F., 393 

Gardner, J. H., 45 

Gardner, M. V., 28 

Garilhe, M. P. de, see 
Privat de Garilhe, M. 

Garmaise, D. L., 231 

Garn, S. M., 193 

Garner, W., 250 

Garrison, L., 400 

Garst, J. B., 237 

Gartley, K. M., 309 

Garton, G. A., 453 

Garza, H. M., 44 

Gasc, V., 567 

Gassner, F. X., 332, 570 

Gatchell, H. D., 213, 323 

Gatica, J., 228 

Gaunt, R., 251 

Gay, H., 466 

Gayet, J., 152 

Gebert, W. H., 233 

Gee, M., 13, 183 

Geiger, A., 266 

Geiger, E., 213, 323, 324 

Geiger, W. B., 381, 400 

Geiman, Q. M., 215 

Geissman, T. A., 489, 490, 
497 

Geister, R., 389 

Gell, P. G. H., 425 

Gellhorn, A., 291, 355, 358 

Gemeroy, D. G., 316, 416 

Gemmill, C. L., 514 

Genevois, L., 515 

George, R. C. C. St., see 
St. George, R. C. C. 

Georgi, C. E., 7, 123 

Gerald, P. S., 273, 327 

Gerarde, H. W., 151 

Gerend4s, M., 113 

Gerliczv, F., 286 

German, H. L., 308, 330, 571 

Germuth, F. G., Jr., 251, 427 

Gertler, M. M., 193 

Geschwind, I. I., 119, 152 

Gest, H., 550 

Getzendaner, M. E., 474 

Gey, G. O., 360 

Geyer, R. P., 12, 181, 182, 
533 

Gezon, H. M., 404 

Ghosh, R. P., 507° 

Gibbons, G. C., 54, 55 

Gibbs, M., 45, 514 

Gilbert, F. M., 248 

Gilbert, G. A., 31 

Gilbert, J. B., 35, 104, 105 

Gilbert, L. A., 155, 353, 466 

Gilbertini, G., 450 

Giles, M. J., 332 

Giles, N. H., 351, 467, 468, 
469 

Gill, J. E., 370 

Gill, R. E., 68 

Gillespie, H., 358 

Gillespie, J. M., 112, 427 

Gillette, L. A., 68 


uw 


AUTHOR INDEX 


Gillis, M. B., 331, 564 
Gilman, A., 251 
Gilmore, R. C., Jr., 19 
Giménez, F., 50 
Girard, H., 32 
Girdwood, R. I., 573 
Giri, K. V., 23 
Gitlin, D., 415, 416, 418, 427 
Glass, S. J., 250 
Glasscock, R. S., 334, 572 
Glavind, J., 279, 291, 292 
Glazko, A. J., 388, 451 
Glick, D., 32, 33, 389 
Glick, J. H., Jr., 235 
Glikina, M. V., 108 
Glikman, S. A., 80 
Glister, G. A., 385 
Glock, G. E., 3, 173 
Glusman, M., 418 
Gocke, T. M., 404 
Goddard, D. R., 8 
Goebel, W. F., 67, 68, 394, 

424, 425, 426 
Goecke, M., 69 
Goeller, J. P., 156 
Goettsch, E., 418 
Goettsch, M., 282 
Gofman, J. W., 113, 193 
Goland, P. P., 359 
Goldacre, R. J., 353, 468 
Goldberg, B., 356, 359 
Goldberg, M. W., 380 
Goldblatt, H., 282 
Goldfeder, A., 288 
Goldhaber, P., 281, 325 
Goldin, A., 356, 359 
Goldinger, J. M., 216 
Goldman, A. A., 575 
Goldman, D. S., 183, 186 
Goldschmidt, M. C., 385 
Goldsmith, G. A., 574, 589 
Goldstein, G., 150 
Goldstein, L., 478 
Goldstein, N. P., 202 
Goldstein, .R., 288 
Goldsworthy, P. D., 211 
Gollman, A., 244 
Gomori, G., 23, 28, 200, 201 
Gongalves, J. M., 117 
Gonnard, P., 9 
Good, N., 474 
Good, W., 541 
Goodale, T. C., 48 
Goodman, I., 166 
Goodman, L. S., 251 
Goodman, M., 427 
Goodner, K., 417 
Goodwin, M. W., 76, 78, 80 
Goodwin, T. W., 267, 327 
Goor, H. van, see 

van Goor, H. 
Goranson, E. S., 14 
Gordon, A. H., 104, 108 
Gordon, H. A., 332 
Gordon, J. J., 24, 245 
Gordon, L. E., 320 
Gordon, M., 111, 359, 472, 


474, 477 
Gordon, S. M., 584 
Gore, M., 544 
Gorham, J. R., 282 
Goth, A., 25 
Gots, J. S., 172 
Gottschalk, A., 49, 121, 521 
Gould, R. G., 188 
Goulden, F., 246 
Gourevitch, A., 584 
Goursac, F. de, see 
de Goursac, F. 
Govier, W. M., 44, 544 
Grabar, P., 415 
Graber, R. P., 233 
Grady, H. J., 244 
Graessle, O. E., 378 
Graff, J., 215, 308 
Graff, M., 581 
Graff, S., 358, 360 
Graffeo, A. J., 253 
Grafflin, A. L., 4, 34, 534 
Graham, C. E., 314, 568 
Graham, J. B., 253 
Graham, R. M., 253 
Grainger, A., 385 
Gralén, N., 75, 78 
Gram, M. R., 193 
Granados, H., 278, 279, 280, 
281, 282, 284, 291, 325 
Grangaud, R., 267 
Granichstiadten, H., 68 
Granick, S., 475 
Grant, G. A., 230, 233, 234 
Grant, J. K., 234, 250 
Grant, N. H., 26, 522, 548 
Grant, R. A., 57 
Grassmann, W., 106, 116 
Grau, C. R., 309, 314, 315, 
321 
Gray, C. H., 250 
Gray, M. M., 432 
Greaves, J. D., 320 
Greaves, R. 1. N., 121 
Greco, A. E., 34, 149 
Green, A. A., 239, 417 
Green, C., 157, 159, 347, 
560 


Green, D. E., 14, 544 
Green, D. M., 251 
Green, E. U., 348 
Green, H., 1, 26, 520 
Green, H. N., 173, 252 
Green, J., 274 


Green, M. M., 473 

Green, M. N., 359 

Green, W. D., 165, 172 
Greenberg, D. M., 189, 210, 


211, 213, 216, 218, 359, 550, 


565 
Greenberg, G. R., 171 
Greenberg, L. A., 444, 445 
Greenberg, S. M., 268, 294, 
324, 325, 326 
Greene, R. D., 418 
Greenfield, R. E., 344 
Greenhut, I. T., 313 





Green: 
Green: 
Green: 
104, 
Green 
Greep 
Grego 
Grein 
Grem! 
van | 
Grevi 
Grier 
Griffi 
347 
Griffi 
Grim: 
Grind 
Grisv 
Groer 
Gros, 
Gros, 
Gros¢ 
Gros! 
Gros: 
Gros: 
Grov 
Grub 
Grub 
Grub 
Grun 
Grun 
Grun 
Grun 
Guer 
Guile 
Guin 
Guir 
544 
Gull: 
Gun 
Guns 
51 
Gupt 
Gur« 
Gur 
Gur! 


Haz 


Has 
2: 





Greenman, L., 523 

Greenspan, E. M., 359, 578 

Greenstein, J. P., 32, 35, 
104, 105, 150, 343 

Greenwood, D. A., 313 

Greep, R. O., 275 

Gregory, J. D., 44, 544 

Greiner, H., 430 

Grembergen, G. van, see 
van Grembergen, G. 

Greville, G. D., 53 

Grier, R. S., 358 

Griffin, A. C., 149, 212, 346, 
347 

Griffiths, M., 546 

Grimm, M. R., 471 

Grindlay, J. H., 197, 287 

Griswold, G. C., 246 

Groen, J., 547 

Gros, A. T., 89, 100 

Gros, F., 402, 403 

Groschke, A. C., 316, 333, 334 

Grosheintz, J. M., 46, 47 

Gross, H., 78 

Grossowicz, N., 32 

Groves, M. L., 118 

Gruber, C. M., 447 

Gruber, M., 16 

Grubhofer, N., 381, 382 

Grumbach, F., 402 

Grummitt, O., 99 

Grundland, I., 199 

Grundy, W. E., 373, 374 

Guerrant, N. B., 588 

Guild, R., 25, 524, 526, 547 

Guinier, A., 144 

Guirard, B. M., 13, 474, 476, 
544 

Gulland, J. M., 158, 168 

Gunnison, J. B., 389 

Gunsalus, I. C., 13, 34, 35, 
516, 526, 531, 532, 539, 586 

Gupta, S. S., 88 

Gurcay, R., 329 

Gurd, F. R. N., 112, 191, 427 

Gurin, S., 180, 181, 184, 185, 
186, 187, 188, 189, 190, 
191, 547 

Gutfreund, H., 117, 118 

Guthneck, B. T., 212, 313 

Guthrie, R., 474 

Gutman, A., 517 

Gutmann, H. R., 356, 457, 
458 

Gutsche, C. D., 233 

Gyalokay, A. V., 80 

Gyérgy, P., 197, 245, 277, 
279, 282, 332, 566 

Gyérgyi, A. S., see 
Szent-Gyérgyi, A. 


H 


Haag, H. B., 459 

Haagensen, C. D., 360 

Haagen-Smit, A. J., 68, 211, 
212, 215, 216, 217, 218, 


AUTHOR INDEX 


219, 221, 473 
Haas, F., 470 
Haas, H. C., 55 
Haas, V. A., 45, 48 
Haba, G. de la, see de la 
Haba, G. 
Hackney, J. W., 250 
Haddox, C. H., 467, 468, 470 
Haenni, E. O., 236 
Hafner, F. H., 321 
Hagdahl, L., 91, 92 
Hagerty, E. B., 213, 323 
Hahn, L., 24 
Hain, A. M., 237 
Haines, W. J., 236, 239, 309 
Haines, W. T., 585 
Hainsworth, R. M., 56, 68 
Hakala, M., 222 
Halberkann, J., 452 
Halbrook, E. R., 334 
Halden, W., 277 
Hale, O. M., 586 
Hale, W. H., 333 
Haley, T. T., 489 
Halick, J. V., 570 
Hall, B. E., 574 
Hall, C. A., 566 
Hall, C. E., 114 
Hall, G. C., 350 
Haller, R., 81 
Halley, T. V., 379 
Hallman, L. F., 181 
Halpern, P., 332, 565 
Halpin, J. G., 313, 330, 335 
Halsall, T. G., 30 
Halverson, A. W., 93, 267, 
328 
Halvorsen, H. O., 195 
Hambleton, J., 156 
Hames, L. E., 308 
Hamilton, K., 358 
Hamilton, P. B., 111 
Hamilton, T. S., 319, 585 
Hammarsten, E., 170, 172, 
526 
Hammond, C. W., 403 
Hamoir, C. F., see 
Fabry -Hamoir, C. 
Hanahan, D. J., 244 
Hanby, W. E., 122, 146 
Handler, P., 441, 544 
Handschumacher, R. E., 545, 
582 
Hanes, C.S., 49, 159, 220, 
221 
Hanig, M., 122 
Hankes, L. V., 314, 315, 589 
Hankwitz, R. F., Jr., 359 
Hann, M., 71 
Hann, R. M., 51 
Hannan, R. S., 49, 121, 318 
Hannig, K., 116 
Hannken, P. B., 275 
Hansell, M. J., 319 
Hansen, A. E., 293 
Hansen, L., 236 
Hanson, D. A., 251 


Hanson, H, T., 118 

Happey, F., 146 

Harary, I., 536, 537 

Hardegger, E., 45, 51, 53, 168 

Harden, R., 199 

Harder, M., 498 

Hardin, G. H., 196 

Hardy, W. B., 79 

Hargie, M. P., 373, 374 

Harington, C. R., 425 

Hariton, L. B., 234, 240, 242 

Harkness, D. M., 212 

Harmon, A., 213 

Harned, B. K., 569 

Harper, R. H., 475 

Harper, S. H., 390 

Harpur, R. P., 26 

Harris, C. M., 404 

Harris, D. A., 394 

Harris, G., 385 

Harris, J. I., 107, 391 

Harris, J. S., 215 

Harris, M., 68, 71, 78 

Harris, P. L., 277, 278, 281, 
293, 316, 325 

Harris, P. N., 295 

Harris, R, J. C., 157, 160, 
347 

Harris, R. S., 213, 587, 588 

Harris, S., 427 

Harris, T. N., 427 

Harrison, J. A., 350 

Harrison, J. S., 43 

Harroun, J. E., 310, 311 

Hart, E. B., 93, 267, 294, 
324, 328, 335, 388, 568 

Hart, P. D., see D Arcy- 
Hart, P. 

Hart, W. R., 536 

Harte, R. A., 213, 584 

Hartley, F., 564 

Hartman, W. J., 14 

Hartmann, S., 279 

Hartogh-Katz, S. L., 234 

Hartree, E. F., 7, 11 

Hartridge, H., 272 

Hartsough, G. R., 282 

Hartzog, M. B., 69, 70 

Harvey, C. C., 585 

Harvey, H. G., 80 

Harvey, W. P., 289 

Harwood, H. J., 91 

Haskins, A. L., Jr., 238, 240 

Haskins, F. A., 472, 473 

Haslam, N. M., 404 

Haslewood, G. A. D., 234, 
235, 242 

Hasse, K., 34 

Hassel, L. V., 89 

Hassel, O., 142 

Hassell, C. H., 405 

Hasselquist, H., 48 

Hassid, W. Z., 25, 45, 54, 55, 
219, 519 

Hassinen, J. B., 294 

Hastings, A. B., 14, 216, 515 

Hattori, S., 497 








610 


Hatwalnie, V. G., 192 
Hauduroy, P., 402 
Hauenstein, H. v., 51 
Haugaard, N., 26, 530, 548 

Hauge, S. M., 319 

Hauptmann, H., 44 

Hauptmann, K. H., 249, 549 

Haurowitz, F., 415, 416, 427, 
429 

Hauser, E. A., 406 

Havas, L. J., 356 

Hawirko, R., 476 

Hawkins, J. E., 403 

Hawkins, V. R., 573 

Hawley, D. A., 213 

Hawn, C. V. Z., see 
Van Zandt Hawn, C. 

Haxo, F., 200, 475 

Havaishi, O., 7 

Hayano, M., 5, 239, 248, 249 

Havano, S., 375 

Havles, A. B., 240 

Haynes, L, J., 52, 53, 166, 
168 

Hays, E. E., 119 

Hayward, J. W., 321 

Hayward, S. J., 236 

Hazato, H., 423 

Hazen, E. C., 199 

Heard, R. D. H., 233 

Hearon, M., 539 

Hearon, W. M., 53 

Heath, A. E., 98 

Heath, J. C., 465 

Heath, M., 55 

Heath, P., 285 

Heatherman, M. E., 476 

Hecht, L., 154 

Hechter, O., 235, 238, 253, 
549 

Hedrick, M. T., 319 

Heer, J., 233 

Heether, M. R., 91 

Hefner, L. L., 573 

Heftmann, E., 236 

Hegediis, A., 430 

Hegsted, D. M., 589 

Heidelberger, C., 345, 356, 
448, 473, 533 

Heidelberger, M., 68, 415, 
416, 417, 418, 419, 424, 
425, 426, 428, 429, 430, 
431, 432 

Heidt, L. J., 49 

Heilbron, I. M., 173 

Heilbrunner, R., 474 

Heimberg, M., 587 

Heinle, R. W., 574, 578 

Heinzel, D., 160 

Hele, M. P., 522, 527 

Helfenstein, A., 45 

Helferich, B., 53 

Helikson, J., 333 

Heller, L., 343 

Heller, V. G., 328 

Hellmann, H., 104 

Helmholdt, C. F., 269 


AUTHOR INDEX 


Helmreich, M. L., 249 

Hemphill, R. E., 245 

Hems, B. A., 104 

Hench, P. S., 242, 245, 246, 
250 

Henderson, E., 239, 549 

Henderson, L. M., 473 

Henderson, R., 213 

Henderson, T. M., 306 

Hendricks, F. D., 379 

Hendry, J. A., 355, 356 

Hengeveld, B., 98 

Henglein, F. A., 69, 71, 72, 
73, 75 

Henick, A. S., 97 

Henkel, W., 379 

Henly, A. A., 119 

Henry, H., 398, 399, 422 

Henry, K. M., 269 

Henry, S. S., 425 

Heppel, L. A., 459 

Herbert, D., 11, 144, 406, 
536 

Herbert, P. H., 427 

Herbst, R. M., 219 

Hérion, A., 115 

Herman, H. A., 268, 326 

Hermans, J. J., 75 

Hermans, P. H., 75 

Herpich, G. E., 372 

Herr, M. E., 233 

Herrell, W. E., 398 

Herrick, C. A., 427 

Herring, V., 193 

Hers, H. G., 23 

Hershberg, E. B., 228, 230 

Herskowitz, I. H., 468 

Hervé, A., 279 

Hervey, A., 396, 397, 398 

Herzig, P. T., 230 

Herzstein, J., 286 

Hes, W..R., 232 

Hess, G. B., 387 

Hess, G. P., 119 

Hesse, E., 394 

Hesse, G., 45, 54 

Heston, W. E., 355 

Hestrin, S., 29, 516, 519, 520 

Heuser, E., 55 

Heuser, G. F., 568, 571 

Heusghem, C., 237 

Heusser, H., 230 

Hevesy, G., 187 

Hewitt, J., 193 

Hewitt, R., 388 

Heyl, D., 561 

Heyl, F. W., 233 

Heymann, H., 230, 448 

Heyns, K., 34 

Heywang, B. W., 313 

Hiatt, C. W., 430 

Hiatt, G. D., 55 

Hibbs, J. W., 270 

Hieger, I., 454 

Hier, S. W., 314 

Hietaranta, M., 195 

Higashi, A., 422 


Higbie, H., 48 

Higgins, G. M., 251, 252 

Higgins, H., 545, 582 

Hilbert, G. E., 519 

Hilditch, T. P., 98 

Hilfinger, M. F., 356 

Hill, A. G. S., 429 

Hill, A. V., 115 

Hill, B., 320 

Hill, D. F., 250 

Hill, E. G., 332, 335 

Hill, R. F., 428 

Hill, R. M., 538 

Hill, S. R., Jr., 228, 246, 250, 
251, 252 

Hill, W. T., 357 

Hills, A. G., 26, 548 

Hills, C. H., 69, 76, 78 

Hills, G. M., 391 

Hills, O. W., 585 

Himsworth, H. P., 282 

Hind, H. G., 574 

Hine, C. H., 569 

Hinman, J. W., 369, 390 

Hinshelwood, C., 151 

Hinton, C. L., 71, 76, 78, 79, 
80, 81, 82 

Hipp, N. J., 118 

Hirata, Y., 397, 473 

Hird, F. J. R., 220, 221 

Hirsch, E, F., 432 

Hirschfeld, A., 162, 514 

Hirschmann, D. J., 112, 313 

Hirschmann, F. B., 241 

Hirschmann, H., 241 

Hirst, E. L., 30, 44, 55, 56, 
67, 68, 69, 71 

Hiscox, D. J., 385 

Hitchings, G. H., 169, 358, 
359, 576 

Hjarde, W., 265 

Hoagland, M. B., 358 

Héan, N., 387 

Hoare, J. P., 33 

Hoare, R., 28 

Hobby, G. L., 68, 378, 379, 
390, 399 

Hoberman, H. D., 215, 308 

Hobson, P. N., 31, 518 

Hoch, H., 116, 117, 416, 418, 
419 

Hochstein, F. A., 380 

Hochster, R. M., 18 

Hockett, R. C., 48, 50, 51, 52, 
54 

Hodgskiss, H. W., 577 

Hodgson, R., 55 

Hoffhine, C. E., Jr., 375, 376 

Hoff-Jérgensen, E., 25, 169, 
525 

Hoffman, M. M., 246 

Hoffman, O., 196 

Hoffmann-Ostenhof, O., 33 

Hoffmann-Walbeck, H. P., 67 

Hoffpauir, C. L., 55 

Hofmann, H., 44 

Hofmann, K., 98, 99 





Hofme 
Hogan 
335, 
Hogan 
Hogan 
Hogeb 
217, 
Hogne 
Hoi, 
N. P 
Holbr 
Holde 
Holde 
Holid 
Holla 
Holle 
Holle 
Holli 
Holly 
Holm 
Holm 
Holm 
Hol 
100 
Holm 
Holn 
Holn 
Holt. 
Holt 
Holt 
Holy 
Holz 
Hom 
35 
Hon 
Hoo 
Hoo 
Hoo 
Hoo 
Hoo 
E. 
Hoo 
Hop 

He »p 
52 
Hor 
52 

Ho! 
Ho! 
Ho! 
Ho! 
Ho! 
4 
Ho 
Ho 
Ho 
Ho 
Ho 
Ho 
Ho 
Ho 


30, 





Hofmeister, L., 75 

Hogan, A. G., 270, 276, 333, 
335, 571 

Hogan, J. M., 314 

Hoganson, E. D., 310, 311 

Hogeboom, G. H., 11, 25, 198, 
217, 344, 345, 346, 347 

Hogness, J. R., 449 

Hoi, N. P. B., see Buu-Hoi, 
N. P. 

Holbrook, W. P., 250 

Holden, C., 8 

Holden, G. W., 251 

Holiday, E. R., 560, 562, 563 

Holland, A., 562 

Holley, A. D., 383 

Holley, R. W., 383 

Holliger, V. H., 245 

Holly, F. W., 44, 561 

Holman, H. R., 248 

Holman, H. T., 324 

Holman, J., 25 

Holman, R. T., 91, 92, 94, 
100, 112, 200, 267, 293 

Holmbergh, O., 30 

Holmes, B., 34 

Holmes, G. S., 68 

Holt, L. E., Jr., 586 

Holter, H., 111 

Holtkamp, D. E., 538 

Holysz, R. P., 53, 382 

Holzman, G., 57, 423 

Homburger, F., 345, 349, 
350, 418 

Honeyman, J., 53 

Hood, M. B., 358 

Hoogerheide, J. C., 584 

Hoogland, P. L., 49 

Hoogschagen, G., 140 

Hook, E. van, see van Hook, 
E. 

Hooker, C. W., 240 

Hopkins, F. G., 528 

Hopkins, &. H., 30, 54, 518, 
521 

Horecker, B. L., 7, 46, 523, 
524, 541 

Horn, A., 25 

Horner, E. N., 244 

Horning, E. S., 355 

Horowitz, H. N., 49 

Horowitz, N. H., 471, 472, 
473, 476, 477 

Horsfall, F. L., 417 

Horsfall, L. H., 506 

Horton, J. M., 393 

Horwitt, M. K., 585 

Horwood, M., 521 

Hosansky, N., 375, 376, 377 

Hoshi, M., 493 

Hoskins, W. M., 459 

Hospelhorn, V. D., 349, 350 

Hoster, H. A., 345 

Hotchkiss, R. D., 67, 68, 399, 
470, 541 

Hottinguer, H., 354, 480, 481 

Hough, L., 30, 43, 44, 49, 53, 


AUTHOR INDEX 


56 

Houlahan, M. B., 471, 473, 
474 

Housewright, R. D., 34 

Houssav, B. A., 546 

Hove, E. L., 280, 281, 293, 
316, 325 

Howard, G. A., 53, 92, 294 

Howard, R. P., 246 

Howard, W. L., 45 

Howe, C., 423 

Howell, S. F., 392 

Howes, E. L., 252 

Howland, S. R., 370 

Hover, M. L., 150 

Hoyt, R. E., 28, 244 

Huang, J. S., 424 

Huang-Minlon, 230 

Hubbard, R., 200, 272 

Huber, G., 79 

Hublé, J., 15 

Hudders, E., 379 

Hudders, M. E., 379 

Hudson, C. S., 43, 44, 50, 51, 
53, 54 

Huebner, C, F., 44, 49, 50, 
52, 54 

Huennekens, F. M., 516, 544 

Huffman, H. M., 210 

Huffman, M. N., 230, 244 

Huggins, C., 349, 350 

Hughes, E. D., 43, 105 

Hughes, E. W., 131, 136 

Hughes, I. W., 51 

Hughes, J. S., 285 

Hughes, W., 141 

Hughes, W. L., Jr., 112, 120, 
427 

Huis in't Veld, L. G., 234, 
235, 241, 242 

Huisman, H. O., 265 

Huisman, T. H. J., 16 

Hukuti, G., 508 

Hull, C. J., 493 

Hull, W., 152 

Hulme, A. C., 103 

Hultin, E., 30 

Hultquist, M. E., 575, 578 

Hume, D. M., 247 

Humphrey, B. A., 24 

Humphrey, G. F., 24 

Humphreys, E. M., 306 

Humphries, P., 237 

Humphris, B. G., 454 

Hunger, A., 45 

Hunter, L., 138 

Hunter, T. H., 398 

Hurd, C. D., 53 

Hurn, M., 431 

Hurst, E. W., 389 

Husband, R. M., 46 

Huseby, R. A., 360 

Husemann, E., 68, 69, 77 

Hussain, S. A., 93 

Hutchings, B. L., 106, 333, 
388, 389, 569, 575 

Hutchison, D., 375, 376, 394 


611 


Hutchison, O. S., 359 
Hutner, S. H., 514 
Huttel, R., 487 


I 


Tbbott, F., 544 

Iberra, I. C., see 
Canessa-lberra, I. 

Ikawa, M., 48, 49 

land, C. N., 400 

Illingworth, B. A., 546 

Immers, J., 49 

Inaoka, M., 12 

Infantellina, F., 291 

Ingelman, B., 24 

Ingelman-Sundberg, A., 283 

Ingle, D. J., 191, 228, 249, 
250, 251, 252 

Ingle, D. W., 287 

Ingold, C. K., 43, 105 

Ingram, G. R., 313, 318, 319 

Intengan, C. L., 588 

Inubuse, M., 496, 508 

Ionescu, H., 517 

Ireland, L., 95 

Iriarte, J., 228 

Irish, A. J., 359 

Irish, U., 26, 522 

Iritani, H., 472 

Irvin, E. M., 150 

Irvin, J. L., 150 

Isaeff, E., 189, 190, 191, 547 

Isbell, H. S., 43, 48, 54, 77 

Isherwood, F. A., 49, 159, 
220, 221 

Itano, H. A., 478 

Ivy, A. C., 197 

Iwai, K., 150 

Iver, R. N., 497 


J 


Jackson, E. B., 356 
Jackson, F. L., 88 
Jackson, J., 67 
Jackson, W. G., 562 
Jacob, A., 25, 180 
Jacob, M., 114 
Jacobi, H. P., 8, 283 
Jacobs, F. A., 359 
Jacobsen, C, F., 123 
Jacobsen, E., 539 
Jacobsen, R. P., 230, 235, 
238, 549 
Jacobson, L. O., 355 
Jacobson, N. L., 270 
Jacquignon, P., 387 
Jacquot-Armand, Y., 416 
Jaenicke, L., 160 
Jaffé, W. G., 320, 567 
Jagannathan, J., 531, 532 
Jager, B. V., 248, 418, 419 
Jager, L. A., 418 
Jager, V., 418 
Jailer, J. W., 246, 250 
Jakus, M. A., 114 








612 


James, A. T., 49 

James, M. F., 577 

James, S. P., 32, 67, 446 
Jampolsky, L. M., 380 
Janes, R. G., 183 

Jang, R., 31 

Jansen, E. F., 31, 69, 77 
Jaques, L. B., 289 
Jarowski, C. I., 46 
Jarrold, T., 573 

Jawetz, E., 389, 404 

Jayle, M. F., 237 

Jeanes, A., 55 

Jeanloz, R. W., 32, 56, 235, 
238, 549 

Jeener, R,, 152 

Jefferson, M. E., 89 

Jefferson, W. C., 538 

Jeffrey, G. A., 131, 133 

Jeffries, W. M., 246 

Jelinek, B., 30 

Jelinek, V. C., 403 

Jenckel, E., 69 

Jenesel, N., 387 

Jeney, A. v., 488 

Jeney, E., 399 

Jennings, E., 153 

Jennings, M. A., 391 

Jenny, H., 75 

Jensen, C. C., 236 

Jensen, E. V., 349, 350 

Jensen, K, A., 467, 468 

Jermyn, M. A., 31, 77 

Jeseki, J. J., 195 

Jessop, W. J. E., 276 

Jeung, N., 69 

Jex, V. B., 52 

Jezequel, J., 17 

wha, B. K., 30, 54, 518 

Jiménez Dfaz, C., 192, 197 

Johansson, R., 194 

Johl, R. G., 372 

Johns, A. T., 195 

Johns, R. G. S., 416, 418, 
419 

Johnson, A. C., 199 

Johnson, A. R., 369 

Johnson, A. W., 561 

Johnson, B. C., 333, 404, 571, 
572, 577, 585 

Johnson, D. H., 370 

Johnson, E. A., 560, 562, 563 

Johnson, F. H., 400 

Johnson, J. E., 309 

Johnson, J. R., 386 

Johnson, M. J., 49, 398, 399, 
545 

Johnson, P., 114, 117, 118, 
360 

Johnson, R. B., 179, 405, 541 

Johnson, R. E., 270 

Johnson, R. M., 326, 347 

Johnson, S., 253 

Johnson, W. S., 233 

Johnston, R., 56 

Johnston, R. B., 32, 220, 221 

Johnston, S. F., 355, 359, 578 


AUTHOR INDEX 


Johnstone, D. B., 395 

Jones, A. S., 150 

Jones, B. C., see Cortis- 
Jones, B. 

Jones, E., 573 

Jones, H. B., 193 

Jones, J. K. N., 30, 43, 44, 
49, 53, 55, 56, 57, 67, 68 

Jones, L. O., 355 

Jones, M. E., 98, 198, 236 

Jones, R. G., 382, 580 

Jones, R. N., 237 

Jones, W. H., 560 

Jones, W. O., 67 

Jongbloed, J., 15 

Jope, E. M., 113 

Jope, H. M., 113 

Jordan, D. A., 273, 327 

Jordan, D. O., 153, 173 

IJ¢grgensen, E. A., see 
Aaes-J¢rgensen, E. 

Jérgensen, E. H., see 
Hoff-Jdrgensen, E. 

Jorpes, J. E., 56 

Josepovits, G., 162 

Joslyn, M. A., 54 

Jouanneteau, J., 266, 270 - 

Judah, J. D., 459 

Judas, O., 237 

Judge, B. E., 78 

Jukes, T. H., 331, 332, 333, 
334, 335, 388, 562, 564, 568, 
572, 578, 579 

Julian, P. L., 231, 232 

Jullander, I., 78 

Jungherr, E. L., 269 

Jungner, G., 33, 153, 155 

Jungner, I., 33, 155 

Jutisz, M., 32, 111, 392 


K 


Kaay, F. C. van der, see 
van der Kaay, F.C. 

Kabat, E. A., 415, 417, 418, 
420, 421, 422, 423, 425, 427 

Kaczka, E. A., 383, 559, 562, 
563 

Kade, C. F., Jr., 307, 315 

Kagami, K., 43 

Kagan, B. M., 273, 327 

Kahn, R. H., 269 

Kahn, R. H. B., see Broh- 
Kahn, R. H. 

Kahnke, J., 291 

Kahnt, F. W., 112, 427 

Kaibara, T., 196 

Kaiser, S. J., 428 

Kalckar, H. M., 5, 25, 165, 
169, 170, 525, 576 

Kalnitsky, G., 14, 533, 534 

Kalsbeek, F., 30, 283 

Kamei, M., 309, 314, 315 

Kamen, M. D., 195, 219, 539, 
550 

Kamminga, C. E., 547 

Kanai, Y., 32 


Kane, J. H., 378 

Kaplan, D., 265 

Kaplan, E. H., 110 

Kaplan, M. H., 429 

Kaplan, N. O., 13, 194, 535, 
543, 544, 545, 546, 548, 583 

Kaplan, W. D., 468 

Karlin, R., 164 

Karlsson, J. L., 475 

Karn, G. M., 566 

Karnofsky, D. A., 252, 577, 
587 

Karpel, W. J., 231, 232 

Karr, H. V., 416 

Karrer, P., 167, 240, 266, 
267, 277, 491 

Karrholm, M., 78 

Karunairatnam, M. C., 31, 
460 

Karush, F., 121, 122, 416, 
426 

Kasdon, S. C., 345 

Kass, E. H., 389 

Kassenaar, A., 235 

Kaster, R. B., 68 

Kaswin, A., 25 

Katchalski, E., 108 

Katchman, B. J., 543 

Kates, M., 100 

Kathen, H., 199 

Katherman, R. E., 27 

Katz, A., 45, 230 

Katz, S. L. H., see Hartogh- 
Katz, S. L. 

Katzbeck, W. J., 54 

Katzman, P. A., 31, 234, 235 

Kaucher, M., 313 

Kaufman, S., 27, 182, 344 

Kaufmann, B. P., 466 

Kaufmann, C., 357 

Kaufmann, L., 487 

Kaufmann, M., 32 

Kaufmann, S., 228, 229, 231, 
249 

Kaunitz, H., 270, 283, 335 

Kavanagh, F., 397, 398 

Kawasaki, C., 584 

Kay, J. H., 283 

Kay, L. M., 110 

Kaye, M. A. G., 56 

Kazal, L. A., 422 

Kazmin, V. E., 246 

Kearney, E. B., 7 

Kearns, C. W., 459 

Keeppie, J., 391 

Kehm, N., 401 

Keighley, G., 210, 211, 212, 


215, 216, 217, 218, 219, 221, 


428, 473 

Keilin, D., 7, 11 

Keith, C. K., 6 

Keith, G. W., 380 

Keller, M., 45 

Kelley, B., 15, 217, 268, 326, 
576 

Kelley, L., 327 

Kelly, A. R., 450 





Kelse 
Keltc 
Kem 
Kem) 

327 
Kem 


a et eee mr mma ne ee 6s ee 





Kelsey, F. E., 244 

Keltch, A. K., 12, 16, 541 

Kemény, T., 285 

Kemmerer, A. R., 250, 268, 
327 

Kempster, H. L., 335 

Kempthorne, O., 270 

Kendall, E. C., 228, 232, 242, 
245, 246, 250 

Kendall, F. E., 417, 418, 419, 
424 

Kendrew, J. C., 143, 144 

Kennedy, E. P., 179, 181, 354 

Kennedy, G. H., 275 

Kenner, G. W., 165 

Kent, J. F., 429, 432 

Kent, L. J., 250 

Kent, P. W., 44, 55, 57, 169, 
424 

Kenten, R. H., 10 

Kenyon, A. L., 247 

Kenyon, W. O., 55 

Keogh, E. V., 433 

Kerin, L., 157 

Kerkkonen, H., 222 

Kern, C. J., 327, 328 

Kern, S. F., 372, 382 

Kerpel-Fronius, E., 290 

Kerr, L. M. H., 31, 460 

Kerr, R. W., 54 

Kersey, R. C., 378 

Kertesz, Z. I., 77, 78 

Kerwick, R. A., 57 

Keston, A, S., 110, 416 

Keutmann, E. H., 235, 240 

Keyes, A., 193 

Khan, P., 404 

Khoi, N. H., 387 

Khokhlov, A. S., 367 

Khorsand, M., 23 

Kiang, S. P., 546 

Kidd, D. A. A., 106 

Kido, G. S., 380 

Kielley, W. W., 25 

Kiessling, W.. 514, 529 

Kihlman, B., 467 

Kikkawa, H., 473 

Kimler, A., 291 

Kimura, Y., 493 

King, C. G., 45, 48, 460, 
574 

King, F. E., 45, 106 

King, N. B., 245 

King, T. E., 545, 580, 582 

Kingsley, R. B., 32 

Kinsella, R. A., Jr., 235 | 

Kinsella-Winter, K., 546 

Kinsey, E., 281 

Kinsey, V. E., 325 

Kip, M. L., 95 

Kirby, H., 466 

Kirk, L., 468 

Kirk, P. L. 152 

Kirkman, H., 357 

Kirkwood, J. G., 116, 428 

Kirsanova, V. A., 575 

Kiseluk, M., 379 


AUTHOR INDEX 


Kistiakowksy, G. B., 33 
Kjaer, A. S., see Snog-Kjaer, 
A 


Kjeldgaard, N. O., 5, 576 

Klee, L., 93 

Kleeberg, F., 404 

Kleiderer, E. C., 48 

Klein, A. J., 348 

Klein, D., 568 

Klein, E., 152, 194 

Klein, G., 152 

Klein, H. P., 477, 522 

Klein, R., 247 

Klein, R. M., 514 

Kleinberg, J., 48 

Klemperer, W. W., 251 

Klenow, H., 5, 576 

Kliger, D., 312 

Kline, O. L., 49, 317 

Klosa, J., 398 

Klose, A. A., 320 

Klotz, I. M., 121, 215, 218, 
385 

Klug, H. L., 4, 114 

Klyne, W., 241 

Knapp, D. W., 30 

Knaub, V., 418, 420, 421, 
422, 423 

Knauber, H., 52 

Knight, C. A., 418 

Knight, H. B., 91 

Knight, S. G., 5 

Knight, V., 379 

Knodt, C. B., 270 

Knoepfelmacher, A. A., 550 

Knoll, J. E., 233 

Knowlton, K., 236, 247 

Knox, W. E., 472 

Kniichel, W., 249 

Kobayashi, K., 24 

Kobernick, S. D., 193 

Koch, A. L., 171 

Koch, F.C., 98, 197 

Koch, R., 43 

Koch, W., 265 

Kochakian, C. D., 248, 251 

Koch-Weser, D., 197, 566 

Kocsis, J. J., 119 

Kodicek, E., 274, 281 

Koe, B. K., 267 

Koechlin, B. A., 228, 231, 
233 

Koehler, L. H., 53 

Koenig, V. L., 117, 118 

Koepsell, H. J., 524 

Koetsveld, E. E. v., see 
van Koetsveld, E. E. 

Koffler, A. H., 316 

Koffler, H., 385 

Kofler, M., 292 

Kogl, F., 348 

Kohl, M. F. F., 451 

Kohlenbrenner, R. M., 541 

Kohler, G. W., 475 

Kohn, H. I., 215 

Koike, H., 488 

Kok, B., 16 


613 


Kolachov, P., 52, 196, 519 

Kolb, J. J., 348 

Koletsky, S., 358 

Koller, P. C., 476 

Kélmark, G., 467, 468 

Kolthoff, I. M., 111 

Kon, S. K., 267, 268, 269, 326 

Kondo, K., 496 

Kondritzer, A. A., 429 

Konikov, A. P., 108 

Konikova, A. S., 214 

Koniuszy, F. R., 559, 561 

Kopper, P. H., 5 

Korkes, S., 13, 35, 531, 532, 
536, 537, 538 

Kornberg, A., 6, 7, 26, 27, 
53, 535, 542, 543 

Kornerup, V., 193 

KGrdésy, F., 53 

Kortsak, A. S., see Sass- 
Kortsak, A. 

Koshland, D. E., Jr., 45, 514 

Kostalik, M., 290 

Kostanecki, S. v., 496 

Kostov, D., 467 

Kotake, M., 498 

Kovarik, F. J., 100 

Kowald, J. A., 372 

Kowarzik, V. S., see Schmied- 
Kowarzik, V. 

Kraatz, C. P., 447 

Kramer, B., 268 

Kramer, I. R. H., 403 

Kramke, E. H., 328, 329 

Krampitz, L. O., 195, 399, 
531 

Kriassig, H., 69, 71, 72, 73 

Kratzer, F. H., 308, 309, 321 

Krause, R., 346 

Krause, R. F., 27, 268, 273 

Krauss, W. E., 270 

Kraybill, H. R., 95, 313 

Kre, J., Jr., 388 

Kream, J., 560 

Krebs, E. G., 5, 419, 527 

Krebs, H. A., 5, 15, 477 

Krehl, W. A., 312, 589 

Krejci, L. E., 156, 423 

Kretchmer, N., 91 

Krider, J. L., 333, 571, 577 

Krider, M. M., 588 

Kridl, A. G., 33 

Krim, M., 574 

Kritchevsky, D., 236 

Kritchevsky, T. H., 228, 231, 
232, 233 

Kritskil, G. A., 25 

Kriz, E., 196 

Krogh, M. von, see 
von Krogh, M. 

Krohn, I., 73, 75 

Krueger, H., 295 

Krueger, R. C., 417 

Kruissink, C. A., 48, 142 

Krukovsky, V. N., 278, 325 

Krupp, H., 150 

Kruse, H., 426 








614 


Kruse, I., 281, 286, 288 

Kubal, J. V., 75, 78 

Kubota, T., 493, 494, 498, 
575 

Kubowitz, F., 347 

Kuby, S. A., 49, 159 

Kuck, S. K. D., 13, 180 

Kuehl, F. A., Jr., 377, 563 

Kugelmaas, L. N., 290 

Kiihn, K., 221, 223 

Kuhn, R., 44, 47, 355, 471, 
487, 585 

Kuhrt, N. H., 100 

Kuiper, F., 242 

Kuizenga, M. H., 252 

Kulka, A. M., 433 

Kulkarni, A. B., 230 

Kummerow, F. A., 91, 93 

Kundu, N., 507 

Kunitz, M., 33, 154 

Kunkel, H. G., 245, 416, 418 

Kunkel, H. O., 94, 279 

Kuntz, A., 151 

Kupferberg, A. B., 394 

Kupke, D. W., 149, 347 

Kurdyukova, V. A., 584 

Kurfess, N. J., 8 

Kurnick, N. B., 151, 152 

Kurtz, M., 546 

Kushida, M. N., 359, 578 

Kushner, S., 233 

Kutscher, W., 521 

Kuzell, W. C., 405 

Kvamme, O. J., 28 

Kyle, L. H., 247 

Kyle, W., 349 


L 


Laaksonen, T., 222 
Labeyrie, F., 3 
LaCaille, P., 403 
Lacassagne, A., 357 
Lacey, M. S., 393 
Lackey, M. D., 11, 289, 477 
Lacombe, G., 32 

Lafon, M., 121 
Lagerkvist, U., 173 
Lagouti@re, M., 278, 293 
Laidlaw, J. C., 458 
Laidlaw, R. A., 43, 56 
Laidler, K. J., 4, 33, 530 
Laird, B. C., 55 

Laland, S., 51, 153, 169 
Lamanna, C., 34 

LaMar, G: A., 334, 572 
Lamb, W. G. P., 465 
Lambooy, J. P., 585 
Lampen, J. O., 215, 525, 526 
Lampitt, L. H., 78 
Lampman, C. E., 332 
Lampson, G. P., 46 
Lancaster, C. R., 92 
Lancelot, C., 164 
Landau, R. L., 236, 247 
Landolt, R., 114 

Lane, C. E., 267 


AUTHOR INDEX 


Lang, C. A., 566 

Lang, K., 156 

Lang, K. L., see 
Linderstrgm-Lang, K. 

Langham, W. H., 449, 473 

Langlykke, A. F., 381 

Lanni, F., 415 

Lanning, M. C., 524 

Lansbury, J., 295 

Lardon, A., 45 

Lardy, H. A., 46, 47, 49, 52, 
159, 179, 185, 214, 307, 
315, 316, 359, 405, 522, 
541, 576, 587 

Largent, E. J., 358 

Larner, J., 31, 517 

Larsen, C. D., 356 

Larsson, L. G., 454 

Larsson, P. S., 459 

Lasch, W., 285 

Laskowski, L., 388 

Laskowski, M., 33, 320 

Latarjet, R., 466, 468 

Latham, H. G., Jr., 53 

Latschar, C. E., 285 

Latterade, C., 405 

Lattes, R., 252 

Lau, R. E., 587 

Laubach, G. D., 383 

Lauffer, M. A., 117 

Lauger, P., 490 

Laughnan, J. R., 476 

Lavollay, J., 489 

Law, K., 528 

Law, L. W., 358 

Lawrence, H. S., 424 

Lawrence, J. M., 12 

Lawrence, W. J. C., 500, 501 

Lawrie, R. A., 351 

Lawson, G. J., 56 

Layne, E. C., Jr., 12, 34 

Lazarow, A., 8, 546 

Lazier, W. A., 46 

Lea, C. H., 49, 121, 318 

Lea, D. E., 469 

Leach, B. E., 394 

Leaf, G., 541 

Leathem, J. H., 251, 346, 356 

Leben, C., 380 

Lechevalier, H. A., 375, 394 

Lecogq, R., 275 

Lededeva, M. B., 31 

Leder, I. G., 544, 587 

Lederberg, E. Z., 467, 468 

Lederberg, J., 471, 478, 520 

Lederer, E., 103 

Lee, C. C., 289 

Lees, K. A., 579 

Lees, M., 199 

Lefler, J. S., 375 

Lehninger, A. L., 25, 179, 
180, 181, 182, 344, 533 

Lehr, H., 381 

Lei, H. P., 191 

Leidy, G., 390, 424 

Leifer, E., 449, 473 

Leijnse, B., 16 








Lein, J., 471, 474, 475, 477 

Lein, P., 475 

Leiter, J., 359 

Leitz, E. W., see 
Waldschmidt-Leitz, E. 

Leloir, L. F., 25, 26, 46, 
161, 522, 545 

LeMay, M., 427 

Lemberg, R., 11 

Lemieux, R. U., 43 

Lemmon, R. M., 104 

Lemoigne, M., 195 

Lener, A. B., 113 

Lenert, T. F., 379 

Lenoél, C. P., see 
Péaud-Lenoél, C. 

Lens, J., 118, 562, 563 

Leonard, J. E., 388 

Léonardi, G., 173 

Leone, C. A., 416 

Leonhardi, G., 110 

LePage, G. A., 160, 344, 345, 
538 

Lepine, P., 404 

Lepkovsky, S., 249, 329, 567 

Lepley, K. C., 334 

Le Quesne, W. J., 107 

Lerman, J., 193 

Lerner, A. B., 9, 475 

Lesh, J. B., 119 

Leslie, I., 151 

Lester, D., 444, 445 

Lesuer, A., 479 

Letiz, E. W., see 
Waldschmidt -Letiz, E. 

Leuenberger, R., 79 

Leupin, E., 248, 249, 549 

Leuthardt, F., 25, 34 

Levedahl, B. H., 249 

Leveque, P., 295 

Lever, W. F., 112, 427 

Leverton, R. M., 193 

Levey, S., 310, 311 

Levi, I., 54 

Levi, R., 496 

Levin, L., 191 

Levine, C., 560 

Levine, H., 584 

Levine, L., 425 

Levine, M., 211, 292 

Levine, M. G., 28, 244 

Levine, M. L., 30 

Levinson, E., 197 

Levintow, L., 32, 104, 105 

Levvy, G. A., 31, 460 

Levy, A. L., 107, 109 

Levy, B., 110 

Levy, H., 230, 235, 238, 549 

Levy, H. A., 134 

Levy, H. B., 152 

Levy, J., 16 

Levy, L. W., 158, 168 

Levy, M., 109, 110 

Lewis, E. B., 481 

Lewis, G. N., 354 

Lewis, G. T., 192 

Lewis, H. B., 32, 111 





Lewis, 
Lewis, 
Lewis, 
Lewis, 
Lewis, 
Lewis, 
Lewis, 
Lewis, 
Leyton 
|'Hérit 
1a. C. 
357 
Li, P. 
Lichst 
Liébec 
Lieber 
240, 
Lieber 
Lief, I 
450 
Liene! 
Lifson 
516 
Lightk 
Light 
Lightk 
Lillie. 
577 
Linco 
Linco 
Linda 
Lindb 
Linde 
519, 
Linde 
Linde 
374 
Linde 
Lindg 
Linds 
Linds 
Lind: 
Line 
Link, 
Link. 
52, 
Link 
Link 
Linz 
Lipk 
Lipn 
194 
53% 
58: 
Lips 
Lips 
Lips 
Lisc 
Lisi 
Litt 
Litt 
Liu, 
Livi 
Livi 
Lio 
Llo 
Lob 


45 


37 








Lewis, J. C., 112, 313 

Lewis, L. A., 239 

Lewis, M. B., 461 

Lewis, M. R., 355, 359 

Lewis, R. A., 247 

Lewis, R. W., 471 

Lewis, U. J., 331, 567, 568 

Lewis, V. M., 49 

Leyton, G., 430 

l'Héritier, P., 480 

Li, C. H., 119, 152, 190, 191, 
357 

Li, P. V., see Voti Li, P. 

Lichstein, H. C., 34, 538 

Liébecq, C., 534 

Lieberman, S., 233, 234, 235, 
240, 241, 242, 243, 246 

Liebert, E., 585 

Lief, P. A., 446, 447, 449, 
450 

Liener, I. E., 321, 322 

Lifson, N., 12, 181, 182, 515, 
516 

Lightbody, H. D., 320 

Lightbown, J. W., 373 

Lighthelm, S. P., 98 

Lillie, R. J., 330, 332, 569, 
577 

Lincoln, J. G., 180 

Lincoln, R. E., 475 

Lindan, O., 282 

Lindberg, O., 25 

Lindegren, C. C., 478, 480, 
519, 520 

Lindegren, G., 478, 480 

Lindenfelser, L. A., 46, 373, 
374 

Linderstrém-Lang, K., 123 

Lindgren, F. T., 113, 193 

Lindsay, M., 12 

Lindsay, R. D., 581 

Lindstedt, S., 105 

Lineweaver, H., 31, 76 
Link, G. K. K., 514 

Link, K. P., 44, 48, 49, 50, 
52, 53, 54, 68, 289 
Linker, A., 32 

Linkswiler, H., 586 

Linz, R., 402 

Lipkin, D., 43, 158 
Lipmann, F., 13, 28, 35, 44, 
194, 201, 219, 531, 532, 
533, 540, 541, 544, 545, 
583 

Lipgchitz, N. L., 460 
Lipschutz, A., 252 
Lipshitz, R., 24, 163 

Lisco, H., 358 

Lisi, A. G., 447 

Little, H. N., 187, 239 

Little, J. E., 291, 395 

Liu, C. H., 112, 427 

Livingston, A. L., 331, 571 

Livingston, E. M., 49 

Lloyd, C. W., 247 

Lloyd, M. D., 328, 329 

Lobotsky, J., 247 





AUTHOR INDEX 


Lochmiiller, K., 80 

Lock, M. V., 50, 168 

Locke, A., 432 

Locker, R. H., 492 

Lockhart, H. B., 311 

Lodi, M., 265 

Loeb, L. J., 393 

Loew, E. R., 288 

Loftfield, R. B., 216, 218, 
221 

Logan, M. A., 111 

Lohmar, R., 53, 54 

Lohr, K., 111 

London, I. M., 193, 215, 240 

Long, C., 15 

Long, L. M., 387 

Long, M. V., 538 

Longstreth, H. P., 248 

Longsworth, L. G., 419 

Lonsdale, K., 131, 134 

Loo, Y. H., 401 

Loomis, W. D., 33, 220 

Loomis, W. F., 540, 541 

Loosli, C. G., 356 

Loosli, J. K., 278, 307, 308, 
309, 325, 389, 573 

Lopez, G. G., see Garcia 
Lopez, G. 

Lopez Toca, R., 573, 574, 
579 


Lorber, V., 12, 181, 182, 515, 


516, 533 

Loring, H. S., 152, 154, 158, 
159, 168, 475 

Losee, K., 371 

Lotspeich, W. D., 214, 534, 
581 

Lott, M. H., 230 

Lott, W. A., 371 

Létterle, R., 77 

Lotz, C., 467, 468, 470 

Lotz, L., 351 

Lotzkar, H., 77, 78 

Loube, S. D., 248 

Loucks, J. E., 244 

Louis, L. H., 246, 250 

Loveless, A., 351, 353, 354, 
467, 468 

L¢vtrup, S., 111 

Low, B., 168, 173 

Léw, I., 44, 487 

Léwenfeld, R., 44, 50 

Lowry, C. W., 268, 327 

Lowry, J. R ., 49, 268, 318, 
327 

Lowy, P. H., 211, 212, 215, 
216, 217, 218, 219, 221, 473 

Lozinski, E., 251 

Lucas, C. C., 198, 282 

Lucas, R. A., 98 

Luck, J. M., 149, 212, 346, 
347 

Luckett, S., 67, 68 

Luckey, T. D., 332, 388, 568 

Liidtke, M., 77 

Luebering, J., 26, 529, 530 

Luecke, R. W., 334, 581 





615 


Liiers, H., 80 

Luetscher, J. A., Jr., 251 

Lugibihl, K., 236, 247 

Luhby, A. L., 573 

Lukens, F. D. W., 190 

Lumry, R., 249 

Lundgren, M. M., 389 

Lundsgaard, E., 15 

Luria, S. E., 467 

Lushbaugh, C., 355 

Lustig, B., 429 

Luther, H., 91 

Luthy, N. G., 158, 168 

Lutton, E. S., 87, 88 

Lwoff, S., 517 

Lyman, C. M., 332, 570 

Lynen, F., 531 

Lyon, T. P., 193 

Lythgoe, B., 52, 160, 162, 
166 


Lytle, B., 47 
Lyttle, J. D., 418 


M 


Ma, R. M., 45 
Maalge, O., 431 
Maas, E. A., 398, 399 
McAlpine, H. T., 246 
McArthur, C. S., 198 
McArthur, J. W., 245 
MacBryde, C. M., 248 
McCall, P. J., 236 
McCarthy, P., 269 
McCarty, M., 420 
McCasland, G. E., 47 
McCauley, W. J., 569 
McChesney, W. J., 451 
McColl, J. D., 199 
McCollum, E. B., 567 
McCormack, R. B., 372 
McCormick, H. M., 198, 566 
McCormick, S. L., 372 
McCoy, E., 388, 568 
McCready, R. M., 55, 69, 76, 
79 
McCrone, W. C., 388 
McDermott, E. E., 106 
McDermott, W., 379 
MacDonald, D. L., 50 
McDonald, E. K., 286 
McDonald, M., 466 
McDonald, R. K., 389 
MacDonnell, L. R., 31, 69, 77 
NcDowell, J., 371 
McElheny, G. C., 43, 158 
McElroy, W. D., 471 
McEwen, W. K., 540 
McGhee, E. C., 191 
MacGillavry, C. H., 140 
McGillivray, W. A., 94 
McGilvery, R. W., 35, 219 
McGilvray, D. I., 56 
McGinnis, J., 332, 333, 334, 
389, 567, 569, 570 
McGinty, D. A., 239, 288 
McGlohon, V. M., 544, 583 


616 


McGuire, T. A., 92 

Macheboeuf, M. A., 112, 403, 
405 

McHenry, E. W., 587 

Machlin, L. J., 313, 332 

Mcliroy, R. J., 68 

Mcllwain, H., 541, 542, 544 

MaclInnes, D. A., 419 

McInnes, G. F., 349 

MacKay, E. M., 180, 515 

McKee, R. W., 215 

McKenna, J., 56 

Mackenzie, C. G., 565 

Mackenzie, J. B., 12, 277 

Mackenzie, K. R., 250 

McKerns, K. W., 417 

McKibbin, J. M., 198 

Mackinney, G., 97 

McLaren, A. D., 110, 354 

McLaren, B. A., 294 

Maclay, W. D., 69, 76, 77, 78, 
79, 80, 81 

MacLeod, C. M., 417, 424, 
428 

McManus, R., 537 

McMaster, P. D., 426 

McMeekin, T. L., 118 

McMillen, W. N., 334, 581 

McNabb, A. R., 199 

MeNair Scott, D. B., 46, 173, 
523, 524, 526 

McNutt, W. S., 588 

McPhee, G. S., 589 

MacPherson, C. F. C., 416, 
419, 424, 425 

McQuarrie, I., 549 

Macri, P. B., 425 

McRone, R. A., 544 

McRorie, R. A., 583 

McShan, W. H., 117, 201 

MacVicar, R. W., 567, 568 

Macy, H., 195 

Macy, I. G., 313 

Maddock, H. M., 389, 572 

Mader, I. J., 318 

Madison, R. K., 57 

Maengwyn-Davies, G. D., 23 

Magasanik, B., 158, 159, 347 

Magrath, D., 232 

Maguigan, W. H., 355 

Mahal, H. S., 497 

Mahler, H. R., 516 

Mahon, J. H., 313 

Maier, E., 28 

Maillet, M., 199 

Main, E. R., 432 

Maise, M. R., 328 

Makino, K., 161 

Mallein, R., 266 

Mallette, M. F., 34 

Mallison, H., 496 

Malm, C. J., 55 

Malmgren, H., 24 

Malpress, F. H., 49, 519 

Malsch, L., 78 

Malsey, P. M., 544 

Maltaner, F., 431 


AUTHOR INDEX 


Maltesen, L., 280 

Mamalis, P., 560, 561 

Mamoli, L., 274 

Mamounas, N., 111 

Mancera, O., 228 

Mandel, M., 114 

Mandl, I., 49, 110 

Manheimer, L. H., 23 

Mankle, E. A., 405 

Mann, F. D., 287, 288, 289, 
431 

Mann, G. V., 585 

Mann, J. D., 287, 288, 289 

Mann, K. S., 522 

Mann, M. M., 382 

Mann, P. J. G., 10 

Mann, T., 549 

Mannering, G. J., 332 

Manson, L. A., 456, 525, 526 

Mantz, N., 193 

Marble, A., 191, 201 

Marble, B. B., 356 

March, B., 270, 319 

Mardashev, S. R., 360 

Marina, C., 197 

Mark, L. C., 449, 450 

Marker, R. E., 232 

Markert, C. L., 476, 477 

Markham, R., 110, 156, 157 

Markovic, L., 15 

Markowitz, H., 417, 424 

Marks, P. A., 517 

Marlow, H. W., 236 

Marlowe, G. J., 406 

Maron, D. M., 237 

Marrack, J. R., 416, 418, 419 

Marrian, G. F., 234, 243, 244, 
250 

Marrille, R., 327, 328 

Marshak, A., 157 

Marshall, B., 308 

Marshall, C. W., 238, 549 

Marshall, L. M., 111 

Marston, R. Q., 48 

Martin, A., 24 

Martin, A. J. P., 92, 385 

Martin, A. R., 71 

Martin, C. J., 217 

Martin, G. J., 581 

Martin, H., 490 

Martinez Garza, H., see 
Garza, H. M. 

Martini, A., 160 

Martius, C., 534 

Martos, M. B., see 
B4rezai-Martos, M. 

Marville, R., 269 

Masamune, H., 57 

Masayama, T., 346 

Maselli, J. A., 291 

Masley, P. M., 583 

Mason, E. C., 372 

Mason, H. L., 232, 233, 234, 
240, 241, 242, 245, 246, 
247, 250, 327 

Mason, H. S., 9 

Mason, R. G., 99 








Masoro, E. J., 184, 186, 189, 
190, 191, 547 

Masson, G. M. C., 251 

Massonet, R., 267 

Matet, A., 282 

Matet, J., 282 

Mathieson, A. M., 133 

Mathieson, D. R., 242, 245, 
246, 247, 250 

Mathis, F., 54 

Matoltsy, A. G., 113 

Matschke, F., 52 

Matson, G. A., 398 

Matterson, L. D., 270, 329 

Matteson, R., 586 

Matthews, F. W., 90 

Matthews, L. W., 12 

Mattill, H. A., 34, 281, 283 

Mattox, V. R., 228 

Matus, J., 78 

Mauger, R. P., 68 

Maun, M. E., 357 

Maurer, S., 313 

Maurin, J., 404 

Maurmeyer, R. K., 49 

Maver, M. E., 34, 149 

Maw, W. A., 313 

Mawson, E. H., 269 

Maxwell, J. L., 89 

Maxwell, R. E., 182, 344 

May, C. D., 579 

May, E. L., 53 

May, M., 580 

Mayer, J., 269 

Mayer, M. E., 347 

Mayer, M. M., 415, 417, 420, 
426, 427, 428, 429, 430, 431, 
432, 433 

Mayer, S., 29 

Mayfield, H. L., 319 

Maynard, L. A., 278, 307, 
308, 309, 325 

Maynert, E. W., 447, 448, 
449 

Mazia, D., 466 

Mazur, A., 418 

Mazur, M., 24 

Mazzeno, L. W., Jr., 48, 55 

Mead, J. F., 324 

Meadows, G. B., 334, 389, 
572 

Meads, M., 404 

Means, J. A., 387 

Meara, M. L., 88 

Meath, A. E., 198 

Mecchi, E., 321 

Mechan, D. K., 313 

Medawar, P. B., 481 

Medes, G., 179, 180 

Meduski, J. W., 13, 543 

Medz, R., 237 

Meek, W. J., 30 

Meer, C. van der, see 
van der Meer, C. 

Mehl, J. W., 113 

Mehlenbacher, V. C., 93 

Mehler, A. H., 472, 535 








Mehli 
Mehlr 
Mehit 
Mehr 
Meie! 
Meis: 
Meis' 
530 
Meis 
Meis 
Meit 
Melc 
Mele 
Meli 
Meli 
Mell 
Mell 
Mel! 
Melt 


ews w2wtew2zzz 


aa, a ee os as ae aa 


5, 189, 


245, 


420, 
, 431, 








Mehlitz, A., 78 

Mehiman, B., 15 

Mehitretter, C. L., 48, 50 

Mehmke, L. D., 150 

Meier, J., 235 

Meissner, G., 394 

Meister, A., 4, 34, 200, 344, 
530 

Meister, L., 508, 509 

Meister, P., 240 

Meites, J., 252 

Melchior, J. B., 215, 218 

Meleney, F. L., 389 

Melicow, M. M., 245 

Melin, M., 112, 191, 427 

Mellanby, E., 106, 275 

Mellody, M., 215, 218 

Melnick, D., 321 

Melvin, P., 389 

Mench, J. W., 55 

Mendel, B., 49 

Mendoza, H. C., see Castro- 
Mendoza, H. 

Mendoza, M. T., 546 

Menezes, F.G. T., 95 

Menge, H., 315, 568, 571 

Menthe, J. W., 245 

Mentzer, C., 289 

Mercer, D. N., 270 

Merlini, D., 183 

Merrifield, R. B., 164 

Merrill, R. C., 75, 76, 78 

Merritt, J. B., 309, 320, 333 

Merrow, S. B., 273 

Mertz, E. T., 308 

Merz, J. H., 351 

Meunier, P., 266, 270, 285 

Meutémédian, A., 31 

Meyer, C. E., 136 

Meyer, E. W., 231, 232 

Meyer, J., 181 

Meyer, K., 32, 46, 230, 252, 
399, 419 

Meyer, K. F., 389, 415 

Meyer, K. H., 30, 55, 56, 68, 
71, 79 

Meyer, L. M., 574 

Meyer, O. O., 113 

Meyer, R. K., 253 

Meyer -Arendt, J., 116 

Meverhof, O., 1, 17, 25, 26, 
520, 521, 542 

Meyersburg, R., 471 

Meystre, C., 230 

Michaelis, L., 12, 277, 351, 
432 

Michalski, J. J., 168 

Michel, B. E., 514 

Michel, H. O., 29 

Michel, P., 276 

Michel, R., 111, 121, 425 
Michell, J. H., 90 
Michelson, A. M., 52, 167, 
169 

Michener, H. D., 391 

Michie, E. A., 248 

Mickelson, M. N., 514 


AUTHOR INDEX 


Mider, G. B., 311 

Miers, J. C., 78 

Miescher, K., 232, 233 
Miksch, J. N., 538 

Milanes, F., 573, 579 
Miles, A. A., 415 

Miles, S. M. C., 281 
Milhorat, A. T., 12, 277, 285 
Militzer, W., 7, 123 
Millard, A., 74, 75 

Miller, A. M., 241, 242, 243 


Miller, C. P., 403 
Miller, C. S., 171 
Miller, D. C., 334 
Miller, E. C., 212, 344, 355, 
356 
Miller, E. E., 348 
Miller, E. M., 394 
Miller, F. C., 346 
Miller, G. L., 348 
Miller, G. M., 349 


Miller, H., 345, 471 

Miller, J. A., 212, 344, 346, 
348, 355, 356 

Miller, J. C., 12, 34 

Miller, J. H., 389 

Miller, J. M., 433 

Miller, L. L., 212, 213, 316, 
344 

Miller, M., 243 

Miller, R., 289 

Miller, R. C., 314 

Miller, R. E., 420 

Miller, R. F., 568, 571 

Miller, S., 313, 574 

Miller, S. G., 113 

Miller, V. L., 389, 569 

Miller, W. W., 218 

Milligan, J. L., 313, 319, 332 

Millington, R. H., 18, 181, 
182, 538 

Mills, G. T., 451 

Mills, J. A., 561 

Mills, R. S., 110 

Milroie, A., 468 

Mingioli, E. S., 474 

Minjat, B., 291 

Minkowski, A., 286, 290 

Minlon, H., see Huang-Minlon 

Mirick, G. S., 251 

Mirsky, A. E., 151, 465, 467 

Mirsky, I. A., 248, 548 

Misani, F., 106 

Mitchell, H. H., 305, 311, 
317, 319, 585 

Mitchell, H. K., 111, 471, 
472, 473, 474, 476, 477 

Mitchell, H. L., 94 

Mitchell, J. H., Jr., 359, 576 

Mitchell, J. S., 291 

Mitchell, M. B., 474 

Mitchell, P., 150, 398, 399 

Mitra, K. K., 584 

Mittelman, D., 112, 427 

Mittelman, N., 522 

Mitz, M. A., 99 

Mizukami, S., 575 





Moe, J. G., 251 

Mohamed, M. S., 32 

Mohammad, A., 49, 121, 318 

Mold, J. D., 381, 382 

Molitor, H., 378 

Mollomo, M. C., 28 

Mommaerts, W. F. H. M., 
120 

Moncrieff, R. S., see Scott- 
Moncrieff, R. 

Mondolfo, U., 348 

Money, R. W., 78 

Monier, R., 32, 392 

Monod, J., 477 

Monroe, C. F., 270 

Monson, W. J., 333, 569 

Montgomery, E. M., 519 

Montgomery, M. L., 197 

Montgomery, R., 51 

Moon, H. D., 357 

Moon, K. A., 49 

Moore, A. E., 577 

Moore, A. M., 426 

Moore, B. A., 286 

Moore, D. H., 117, 360, 418, 
419, 425, 427 

Moore, G. E., 360 

Moore, J. A., 231, 544, 583 

Moore, P. R., 388, 568 

Moore, S., 110 

Moore, T., 269, 280, 327 

Moore, W. J., 136 

Mora, P. T., 54 

Moran, J. J., 27 

Moran, T., 106 

More, R. H., 193 

Morel, M., 1 

Morey, G. R., 320 

Morgan, A. F., 327 

Morgan, E. H., 574 

Morgan, E. J., 528 

Morgan, J. F., 320 

Morgan, W. T. J., 49, 57, 415, 
420, 421, 422, 423 

Morgulis, S., 8, 283 

Mori, T., 56 

Morin, G. A., 17 

Moring-Claesson, I., 218 

Morita, Y., 546, 548 
Morrell, S., 68 

Morris, C. J. O. R., 119, 236 

Morris, D. S., 232 

Morris, H. P., 356 
Morris, M. C., 416, 433 
Morris, P., 119, 236 
Morris, S.G., 95 
Morris, T. N., 71 
Morrison, A. B., 49, 519 
Morrison, A. L., 368 
Morrison, J. D., 139, 140 
Morrison, P. R., 113 
Morrison, R. I., 370 
Morton, J. J., 311 
Morton, R. A., 265, 271 
Mosbach, E. H., 48, 460 
Moser, H., 468 

Mosettig, E., 53 





618 


Moskowitz, M., 423 
Moss, A. R., 368 
Moss, B., 391 
Mote, J. R., 228 
Motoyama, T., 584 
Motzok, I., 23, 274 
Moubasher, R., 110, 163, 287 
Mouren, H., 391 
Mourgue, M., 32 
Mouriquand, G., 276 
Mouton, R. F., 112, 427 
Mowat, J. H., 106, 575 
Moxon, L. A., 4 
Moyer, A., 393 
Moyer, E. Z., 313 
Moyle, J., 150, 399 
Mudge, G. H., 251 
Mueller, G. C., 160, 356 
Mueller, J. F., 573, 586 
Muggleton, P. W., 150 
Muir, H., 187, 192 
Mulé, F., 291 
Mulford, D. J., 112, 427 
Muller, A., 508 
Miiller, A. F., 34 
Muller, H. A., 357 
Miller, H. R., 222 
Muller, P., 490 
Mulligan, W., 416 
Mundkur, B. D., 480 
Munoz, J., 389, 418, 419 
Munro, H. N., 322 
Munsell, H. E., 588 
Munson, P. L., 198, 236, 246 
Muntwyler, E., 55, 212 
Muntz, J. A., 351, 469 
Murphy, F. X., 46, 375, 376, 
377, 380 
Murray, E. S., 429 
Murray, J. P., 418 
Murray, R. G. E., 393 
Murrill, N. M., 233 
Murti, V. V. S., 490, 491, 
492 
Mushett, C. W., 292, 566 
Mussehl, F. E., 320, 330 
Mutch, B. C., 278, 325 
Mutolo, V., 350 
Mutt, V., 56 
Mycek, M. J., 32, 220, 221 
Myers, D. K., 29 
Myers, G. B., 548 
Myers, J. S., 95 
Myers, P. B., 69, 71 
Mylroie, A. K., 26, 522, 548 
Myrbick, K., 30 


N 


Nachlas, M. M., 23, 27, 28, 
200 

Nachmansohn, D., 29 

Nager, U., 382 

Naik, A. R., 240 

Najjar, V. A., 419 

Nakagome, G., 496 

Nakahara, W., 343 


AUTHOR INDEX 


Nakamura, H., 508 
Nakanishi, K., 397, 473 
Nardi, G. L., 211 
Nash, C. W., 153 
Nason, A., 544 
Nasr, H., 55 
Nasset, E. S., 306, 307 
Nastinkova, O. K., 350 
Nath, M. C., 192, 193 
Nathanson, I. T., 236, 237, 
247, 252 
Naudet, M., 28, 100 
Navori, C., 286 
Nazario, L. L., 44 
Nebbia, G., 162 
Needham, D. M., 248, 521, 
528, 548, 549 
Neel, J. V., 478 
Neilands, J. B., 545, 582 
Nekhorocheff, J., 192 
Nelson, A. L., 142 
Nelson, C. T., 251 
Nelson, D. H., 240 
Nelson, H. A., 562 
Nelson, J. W., 252 
Nelson, L., 351 
Nelson, M. M., 581 
Nelson, S. S., 245 
Nelson, W. L., 94, 279 
Nepple, H., 152 
Nesheim, R. O., 333, 404, 
571, 572, 577 
Ness, R. K., 50, 53 
Neuberg, C., 48, 529 
Neuberger, A., 3, 43, 123, 
391 
Neukomm, S., 245 
Neuman, R. E., 111 
Neumann, A. L., 333, 577 
Neurath, H., 27, 118, 120 
Neuss, J. D., 372 
Neutelings, J., 118 
Neuzil, E., 417 
Newbold, G. T., 371 
Newcomb, E. H., 179, 180 
Newcombe, H. B., 467, 476 
Newhall, C. A., 273 
Newman, D., 371 
Newmark, M. Z., 166 
Newth, F. H., 50 
Newton, G. G. F., 391 
Ney, P. W., 313, 331 
Nezamis, J. E., 287 
Nezvesky, L., 270 
Nguyen-Van-Thoai, see 
Thoai, N.-Van 
Nichol, C. A., 333, 579 
Nicholas, H. J., 244 
Nicholas, S. D., 50 
Nickerson, M., 418, 419 
Nickson, J. J., 358 
Nicolai, E., 74, 75 
Nicoud, G., 54 
Niederman, D. J., 358 
Nielsen, N., 196, 292 
Niemann, C., 57, 423 
Niggemeyer, W. F., see 


Frisch-Niggemeyer, W. 
Nikolaiczuk, N., 313 
Nilsson, N. G., 196 
Nishi, H., 545, 582 
Nishi, T., 494 
Nishioka, K., 423 
Niu, M. C., 481 
Noelting, G., 30 
Noer, B., 292 
Norberg, E., 30, 55 
Nord, F. F., 28, 201, 291 
Norén, B., 573 
Norman, N., 142 
Norris, E. R., 5 
Norris, L. C., 331, 564, 568, 

571 
Northcote, D. H., 55 
Norton, S., 427 
Novelli, G. D., 13, 35, 44, 

194, 531, 533, 544, 545, 583 
Novic, B., 55 
Novick, A., 470 
Nutting, G. C., 78, 81 
Nutting, J., 359 
Nyc, J. F., 237, 473, 474 
Nygaard, O., 153 


oO 


Oakley, C. L., 427 

Oakley, H. B., 78 

O'Brien, J. R. P., 113 

Ochoa, S., 4, 13, 34, 35, 194, 
530, 531, 532, 534, 535, 
536, 537, 538, 539, 550 

O'Connell, P. W., 91, 193, 
293 

O'Connell, W. O., 180 

O'Connor, R. T., 89, 95 

O'Dell, B. L., 335 

O'Dell, V., 25 

O'Donnell, T. V., 12 

O'Donovan, T. F., 247 

O'Dwyer, M. H., 68 

Oesper, P., 1, 26, 543 

Ogata, Y., 375 

Oginsky, E. L., 196, 331, 400, 
401, 565 

Ogston, A. G., 1, 2, 56, 117, 
153, 533 

Ogur, M., 152, 162 

Ohlmeyer, P., 150 

Ohman, R. J., 567 

Oikawa, H., 417 

O'Kane, D. J., 539 

Okano, K., 493 

Okeson, D., 35 

Okey, R., 249 

Olbans, J. W., 385 

Olcese, O., 332, 570, 571 

Olcott, H. S., 49, 121, 313, 
318 

Oleson, J. J., 295, 333, 388, 
389, 569 

Olin, S. M., 43, 46, 377 

Olitsky, P. K., 426 

Olitzki, L., 425 





Olive’ 
Olivie 
Olley. 
Olpp, 
Olsen 
Olsen 
Olsen 
Olsor 
Olsor 
Oncle 
429 
O'Ne 
Onet¢ 
Onru 
Opar 
Opsa 
Ord, 
Orge 
Oria 
Orte 
Orte 
Orti: 
538 
Osle 
43) 
Oss« 
Oste 
Ho 
Oste 
Oste 
Osw 
Oth: 
Oth 
Ott, 
Ott, 
Otti 
Ott! 
Ouc 


568, 


, 583 


400, 


7, 





Oliveira, D. de, 284 

Oliviero, A., 497 

Olley, J., 187, 198 

Olpp, U., 150 

Olsen, A. G., 78 

Olsen, M. W., 332, 569 

Olsen, N. S., 15 

Olson, C. K., 24, 35 

Olson, R. E., 545 

Oncley, J. L., 112, 118, 191, 
429 

O'Neill, A. N., 54 

Oneto, J. F., 286, 291 

Onrust, H., 286 

Oparin, A. I., 31 

Opsahl, J. C., 249 

Ord, N. G., 28 

Orgel, G., 149 

Orias, O., 546 

Ortega, L. G., 356, 359 

Orten, J. M., 546, 548 

Ortiz, P. J., 111, 535, 537, 
539 

Osler, A. G., 428, 429, 430, 
431, 432, 433 

Osserman, K. E., 286 

Ostenhof, O. H., see 
Hoffmann-Ostenhof, O. 

Oster, G., 153, 354, 416 

Osterhof, T. E., 196 

Oswald, H., 156 

Othman, A. M., 110, 163 

Othmer, D. P., 99 

Ott, P., 347 

Ott, W. H., 292 

Ottinger, B., 251, 427 

Ottke, R. C., 189 

Ouchterlony, ©., 417 

Oudin, J., 417, 418, 419 

Overend, W. G., 33, 49, 51, 
53, 153, 156, 169 

Overstreet, R., 75 

Owades, P., 32 

Owen, C. A., 401 

Owen, L. N., 50, 51 

Owens, E. U., 285 

Owens, H. S., 44, 55, 76, 77, 
78, 79, 80, 81 

Owens, W. C., 285 

Oxford, A. E., 381 

Oyaas, J. E., 388, 584 

Oyamada, T., 493 


P 


Pace, J., 106 

Packard, E., 237 

Pacsu, E., 54 

Paege, L. M., 525 

Pagano, J. F., 404 

Page, A. C., Jr., 332, 562, 
568 

Page, I. H., 235, 245, 251 

Page, O., 349 

Paic, M., 432 

Pal, E. K., 290 

Paladini, A. C., 25, 26, 46, 


AUTHOR INDEX 


161, 545 

Pallade, G. E., 198 

Pallares, E.S., 44 

Pallmann, H., 78 

Palmer, A., 49, 251 

Palmer, J. G., 577 

Palmer, K. J., 56, 69, 70, 
75, 145 

Palmrich, L., 78 

Pan, S. C., 52, 196, 283 

P'an, S. Y., 283, 378, 379 

Pankratz, R. A., 52 

Pansy, F. E., 404 

Panzer, F., 112 

Papageorge, E., 191 

Pappenheimer, A. M., Jr., 
417, 418, 424, 425, 428 

Papper, E. M., 449, 450 

Paquot, C., 96 

Pardee, A. B., 426 

Pariente, P., 332 

Park, J. T., 49, 161, 545 

Parke, D. V., 453 

Parker, F. S., 150 

Parker, R. C., 320 

Parker, R. P., 578 

Parkes, A. S., 121 

Parnes, I., 548 

Parrish, D. B., 285 

Parrot, J. L., 489 

Parry, G. S., 141 

Parsons, U., 549 

Partridge, C. W. H., 472, 
473 

Partridge, S. M., 44, 49, 
110, 121 

Pascaud, M., 25, 180 

Passey, R. D., 360 

Passonneau, J., 358 

Pasternak, V. Z., 420 

Pataki, J., 228, 229, 231, 
249 

Paterson, J. Y. F., 234 

Patrick, A. D., 31 

Patt, H. M., 253, 358 

Patterson, H. R., 236 

Patterson, J. W., 546 

Patterson, P., 587 

Patton, A. R., 318, 332, 571 

Paul, P., 327 

Paul, W. J., 333, 567 

Pauli, W., 78 

Pauling, L., 131, 133, 134, 
415, 426, 478 

Pautrizel, R., 417 

Payne, L. D., 360 

Payne, R. W., 191 

Payne, T. P. B., 191 

Pazur, J. H., 30 

Peacocke, A. R., 153, 156 

Pearson, A. M., 334, 572 

Pearson, E., 586 

Pearson, O. H., 246, 25 

Pearson, P. B., 332, 57 
585, 590 

Peat, S., 31, 518 

Péaud-Lenoél, C., 195 


on 


619 


Peck, R. L., 375, 376 
Pecka, E., Jr., 237 
Pedersen, K. O., 118, 119 
Peel, E. W., 44, 561 
Peeler, H. T., 331, 568, 571 
Pekich, A. M., 379 
Pence, J. W., 313 
Pencharz, R., 249 
Pendergrast, J., 181, 182 
Pendl, I., 288, 289, 431 
Penn, H. S., 350 
Pentz, E. I., 314, 568 
Percival, E. E., 53 
Percival, E. G. V., 51, 53, 
55, 56, 57, 68 
Pereira, A., 44 
Perera, G. A., 247 
Perkin, A. G., 506 
Perkins, D. D., 471 
Perkinson, J. D., Jr., 283 
Perlmann, G. E., 117, 426 
Perlzweig, W. A., 441, 544, 
587, 590 
Perrot-Thomas, G., 270 
Perry, A. S., 459 
Perry, R., 329, 567 
Perry, S. V., 115, 145 
Persky, H., 533 
Perutz, M. F., 143, 144 
Pesez, M., 274 
Pesonen, S., 284 
Pessotti, R. L., 29 
Petering, H. G., 5, 295 
Petermann, M. L., 418 
Peters, J. M., 389 
Peters, R. A., 12, 534 
Peters, T., Jr., 216 


Peters, V. J., 544, 583 

Petersen, C. F., 332 

Petersen, D. F., 4 

Peterson, D. H., 372 

Peterson, D. \., 329, 330, 
571 


Peterson, M., 78 

Peterson, W. H., 381, 382. 
385 

Petrova, A. N., 31 

Petrow, V., 232, 559, 560, 
561, 562, 563 

Petterson, N., 291 

Petterson, O., 191 

Pew, J. C., 493, 498 

Pfeifer, V. F., 584 

Pfeiffer, C. A., 240 

Pfeiffer, C. C., 288 

Pfeiffer, P. H., 349 

Pfister, R. W., 222 

Phillips, F. S., 172 

Phillips, M., 68 

Phillips, P. H., 333 

Philpot, D., 496 

Pichat, P., 291 

Pickering. V. L., 291 

Pierce, H. B., 273 

Pierce, J. G., 112 

Pierce, J. V., 332, 333, 562. 
568 








620 


Pierce, M., 578 

Pigman, W. W., 52 

Pignalosa, G., 183 

Pihl, A., 27, 186, 187, 188, 
240 

Pikula, D., 379 

Pillemer, L., 425, 427, 429, 
430, 432 

Pilnik, W., 71, 78 

Pimentel, D., 476 

Pin, P., 288, 289 

Pinchot, G. B., 541 

Pinckard, J. H., 268, 326 

Pincus, G., 235, 237, 238, 
549 

Pincus, P., 57 

Pindborg, J., 278, 280 

Pines, K. L., 247 

Pini, H., 371 

Pinkerton, H., 388 

Pinto, A., 236 

Pippen, E. L., 55, 79 

Piquet, A., 30 

Pircio, A., 159, 163 

Pirie, N. V., 415 

Pisciotta, A. V., 287 

Piskur, M. M., 87 

Pistone, G., 269, 327, 328 

Pitt, G. J., 137 

Pitt-Rivers, R., 121 

Plager, J., 237 

Plastridge, W. N., 270 

Platt, P. C., 575 

Plattner, P. A., 230, 232, 
369, 382 

Plaut, G. W. E., 49, 159, 
185, 214, 359, 576 

Player, M. A., 350 

Plieninger, H., 104 

Plotho, O. v., 371 

Plotz, C. M., 252 

Plough, H. H., 471 

Plum, P., 291 

Plumel, M., 23, 24 

Plympton, A. B., 295 

Poet, R., 446, 447 

Pohland, A., 580 

Pohle, W. D., 93 

Polatnick, J., 397 

Polglase, W. J., 46 

Poling, C. E., 311 

Pollack, H., 286 

Pollets, H. A., 379 

Polley, H. F., 242, 245, 246, 
247, 250 

Pollock, J. R. A., 385 

Pollock, M. R., 294 

Polonovski, M., 6, 113 

Pomper, S., 471, 480 

Ponder, E., 350 

Pontecorvo, G., 471, 473 

Pope, A. L., 333 

Popenoe, E. A., 54 

Popjak, G., 185, 187, 188, 
192, 239 

Popper, H., 197, 273, 327, 
566 


AUTHOR INDEX 


Porteous, J. W., 453 

Porter, C. C., 237, 250, 310, 
416 

Porter, H. K., 25, 517 

Porter, J. W., 475 

Porter, K. R., 114 

Porter, R. R., 119, 120, 428 

Porter, W. B., 191 

Porterfield, V. T., 459 

Portillo, R., 584 

Portzehl, H., 114 

Posey, E. L., Jr., 245, 247 

Posternak, T., 26, 46, 47 

Potter, A. L., 54, 55 

Potter, G. C., 91 

Potter, V. R., 4, 344, 345, 
355, 533, 534, 538 

Pottner, M. M., 249 

Pounden, W D., 270 

Power, M. H., 240, 242, 246, 
250, 401 

Powers, M., 379 

Praetz, B., 233 

Prange, I.. 281, 284, 325 

Pratt, J. W., 50 

Pratt, R., 291 

Preer, J. R., Jr., 479 

Preisler, P. W., 2 

Prelog, V., 229, 240, 242 

Preobrazhenskii, N. A., 585 

Pressman, B. C., 52 

Pressman, D., 426, 428, 429 

Preston, R. D., 74, 75 

Prestrud, M. C., 252, 287 


Price, C. C., 423 

Price, C. E., 159 

Price, C. W., 379, 389 
Price, J. M., 212, 344, 355 
Price, J. R., 499, 500, 501 
Price, T. D., 184, 188 


Price, V. E., 32, 35, 104, 105 

Price, W. H., 151 

Pricer, W. E., Jr., 6, 26, 27, 
53, 542, 543 

Prins, D. A., 239 

Privat de Garilhe, M., 112 

Procter, D. P., 43 

Prout, F. S., 244 

Pullman, A., 352 

Pullman, B., 352 

Putman, E. W., 45, 55 

Puziss, M., 5 


Q 


Quadbeck, G., 47, 355 
Quaife, M. L., 277, 325 
Quan, S. F., 389 

Quastel, J. H., 18, 26 
Quastler, H., 182, 344 
Querido, A., 235 

Quick, A. J., 290 
Quisenberry, J. H., 332, 570 


R 


Rabate, J., 493, 508 


Rabinovitch, B., 48 

Rachele, J. R., 565 

Racker, E., 4, 15, 526, 528, 
534, 536, 540 

Raffel, S.. 424 

Rafferty, J. P., 327 

Rafique, C. M., 56 

Rafter, G. W., 527 

Ragan, C., 252 

Rai, H. S., 497 

Rajagopalan, S., 229, 230, 497 

Rakoff, A. E., 240 

Ralli, E. P., 581 

Ramasarma, G. B., 111 

Ramirez, F., 230 

Ramsay, D. W. C., 371 

Ramstad, P. E., 313 

Randall, A., 290 

Randall, H. T., 360 

Randall, J. P., 245, 290 

Randall, R., 418 

Randall, W. A., 379, 389 

Randles, C. L., 196 

Rangaswami, S., 492 

Ransohoff, W:, 248 

Rao, G. S. K., 489, 494, 495 

Rao, K. V., 489, 494, 495, 


503, 504, 505 
Rao, N. V. S., 490 
Rao, P. A. D. S., 43, 105 
Rao, P. R., 492 
Rao, P. S., 492, 501, 505 
Rao, S. A., 99 
Rao, V. S., 489 


Raphael, R. A., 99, 293 

Rapkine, L., 4, 528 

Rapkine, S. M., 528 

Rapoport, I. A., 468 

Rapoport, S., 26, 529, 530 

Rapport, D., 25, 466, 524, 
526, 547 

Rapport, M. M., 32 

Rasmussen, R. A., 583 

Rasmussen, R. D., 577 

Ratcliffe, A. H., 286 

Ratner, S., 209, 528 

Rau, F. A., 334, 573 

Raudnitz, H., 370 

Rauen, H. M., 110 

Raut, C., 480 

Ravel, J. M., 359, 580 

Ravve, A., 398 

Read, C. H., 245 

Read, D. H., 423 

Read, J., 351, 469 

Reboredo, A., 574, 57S 

Rebstock, M. C., 387, 451 

Recant, L., 247 

Reckhaus, M., 49 

Recknagel, R. O., 11 

Redd, J. B., 389 

Redd, J. C., 68, 73 

Redfield, R. R., 15 

Redman, W., 390 

Reeb, B. B., 357 

Reed, L. J., 103 

Reed, R., 74, 75, 114, 145, 





360 
Reed, 
Reen, 


Rees, 
Reese 
Reeve 
Reeve 
Regist 
568 
Regna 
375, 
Reich, 
Reich: 
526 
Reich 
Reich 
Reich 


Reid, 
Reid, 
Reid, 
Reid, 
Reilly 
Reills 
Rein, 
Reine 
Reine 
Reinh 
196 
Reins 
Reio, 
Reise 
Reise 
324. 
Reiss 
Reiss 
Reith 
Renfr 
Reno 
Renz 
Renz 
Repe 
Ress 
Reve 
Reyl 
Reyn 
Reyn 
Reyn 
Reyn 
Rhei: 
Rhoa 
Rhoa 
252 
Rhod 
Rice 
Rice 
Rice 
Rice 
Rich 
Rich 
Rich 
Rich 
Rich 
Rich 
Rich 
Rich 





360 

Reed, W., 379 

Reen, R. van, see van Reen, 
R. 

Rees, R. J. W., 403, 406 

Reese, J. W., 218 

Reeves, E. B., 418 

Reeves, R. E., 43, 55 

Register, U. D., 331, 567, 
568 

Regna, P. P., 46, 372, 373, 
375, 376, 377, 378, 390 

Reich, H., 240 

Reichard, P., 152, 170, 172, 
526 

Reichart, E., 531 

Reichel, L., 487 

Reichstein, T., 45, 46, 51, 
230 

Reid, E., 191 

Reid, M. E., 335 

Reid, S. G., 43 

Reid, W. W., 31, 77 

Reilly, H. G., 359 

Reilly, J. C., 379 

Rein, C. R., 429 

Reineke, L. M., 372 

Reiner, L., 106 

Reinhardt, W. O., 183, 186, 
196 

Reinstein, S. C., 517 

Reio, L., 194 

Reiser, M. F., 248 

Reiser, R., 197, 200, 294, 
324, 585 

Reiss, M., 245 

Reiss, W., 8, 117 

Reithel, F. J., 46, 519 

Renfrew, A. G., 575 

Renold, A. E., 191, 201 
Renz, E., 104 

Renz, J., 44, 46 

Repetto, O. M., 46 

Ressler, C., 565 

Revell, S., 351, 354, 467, 468 

Reyle, K., 46 

Reymond, A., 245 

Reyniers, J. A., 332 

Reynolds, D. M., 381 
Reynolds, M. S , 310, 586 
Rhein, A., 149 

Rhoades, M. M., 478 
Rhoads, C. P., 241, 242, 246, 
252, 359 

Rhodehamel, H. W., 372, 382 
Rice, A. C., 313 

Rice, C. E., 430 

Rice, K. L., 252 

Rice, S. A., 292 

Richard, G. H., 379 
Richards, G. N., 50 
Richards, R. K., 373, 374 
Richardson, E. M., 245 
Richardson, L. R., 312, 313 
Richert, D. A., 5, 213, 356 

Richmond, S. G., 349 
Richtmyer, N. K., 44, 50, 51, 


AUTHOR INDEX 


54 

Rickards, J. C., 564 

Rickes, E. L., 559 

Rideal, E. K., 117 

Ridgway, L. P., 587 

Riding, D., 574 

Riedil-Tumova, E., 524, 527 

Riegel, B., 244, 357 

Riegelman, S., 291 

Riemenschneider, R. W., 95 

Rienits, K. G., 15 

Riesen, W. W., 318 

Rigby, W., 49 

Riggs, N. V., 47 

Riker, W. F., Jr., 30 

Riley, D. P., 144, 145, 153 

Riley, H. P., 351, 469 

Rinderknecht, H., 368 

Ringier, B. H., 167 

Rinne, D., 379 

Ripstein, M. P., 245, 246 

Ris, H., 465, 467 

Rist, C. E., 50, 54 

Rittenberg, D., 184, 187, 188, 
193, 209, 210, 214, 215, 219, 
221, 240 

Rivera, A. A. C., see 
Cintron-Rivera, A. A. 

Rivers, R. P., see 
Pitt-Rivers, R. 

Rivoal, G., 391 

Rizzone, G. P., 349 

Robbins, K. C., 425 

Robbins, W. J., 396, 397, 398 

Robblee, A. R., 319 

Robert, D., 111 

Robert, L., 6 

Robert, M., 6 

Roberts, C., 480 

Roberts, E., 103, 111, 349 

Roberts, E. A. H., 9 

Roberts, J. B., 117 

Roberts, M., 169 

Roberts, P. W., 382 

Roberts, S., 251 

Robertson, A., 370, 493, 508 

Robertson, E., 248 

Robertson, J. H., 142 

Robertson, J. M., 132, 133, 
139, 140 

Robertson, W. v. B., 78 

Robinet, F. G., 45 


Robinson, A., 53 
Robinson, A. M., 246 
Robinson, B., 428 
Robinson, C., 123 
Robinson, D., 451 
Robinson, E., 359, 578 
Robinson, G. M., 500 


Robinson, R., 142, 496, 498, 
499, 500, 504 

Robinson, S., 197 

Robison, R., 217 

Robison, W. L., 590 

Roblin, R. O., Jr., 215 

Roboz, E., 68 

Robson, J. M., 403 


621 


Rocha e Silva, M., 429 

Roche, J., 23, 32, 111, 121 

Roche, M., 228, 246, 250, 
251, 252 

Rockenbach, J., 239, 549 

Rockland, L. B., 111 

Rodahl, K., 271 

Roderuck, C. E., 283 

Rodkey, F. L., 2 

Rodwell, A. W., 398 

Roe, A. S., 417, 424 

Roe, E. M. F., 157, 347 

Roewer, F., 6 

Roger, M. V., see 
Vaudable-Roger, M. 

Rogers, J., 244 

Rogers, L. L., 578 

Rohdewald, M., 25 

Rohm, E., 47 

Roka, L., 288, 289, 431 

Roll, P. M., 170 

Romano, A. H., 394 

Romanoff, L. P., 235, 237 

Romez, J. M., 197 

Romo, J., 228, 229 

Rondoni, P., 352 

Ronning, M., 270 

Ropes, M. W., 78 

Rosa, R., 189 

Rose, B., 250 

Rose, C. S., 197, 277, 279, 
282, 332, 566 

Rose, F. L., 355, 356, 456 

Rose, W. C., 136, 305, 307, 
309, 310, 315, 323, 590 

Roseman, S., 53 

Rosemberg, E., 247 

Rosen, F., 587, 590 

Rosen, G., 152 

Rosenberg, A., 16, 17 

Rosenberg, A. A., 265 

Rosenberg, H., 274 

Rosenberg, J. L., 48, 551 

Rosenblatt, S., 8, 283 

Rosenbloom, L., 163, 345 

Rosenblum, C., 94, 266, 267 

Rosenfeld, M., 122 

Rosenfeld, W. D., 195 

Rosenkrantz, H., 12, 277 

Rosenkranz, G., 228, 229, 
231, 249 

Rosenquist, R. C., 245 

Rosin, A., 356 

Roskin, G., 350 

Ross, A. G., 57 

Ross, H. E., 25, 346, 347, 
356 

Ross, J. M., 391 

Ross, L. E., 295 

Ross, O. B., 567, 568 

Ross, S., 190 

Ross, V., 425 

Ross, W. C. J., 353, 467, 468 

Rossett, W., 402 

Rossiter, R. J., 27, 199, 200 

Roth, B., 575, 578 

Roth, H., 584 








622 


Roth, J. S., 314, 315 
Roth, L. J., 449 
Rothen, A., 122, 416 
Rothman, S., 358 
Rottenberg, M., 294, 474 
Rouch, J., 538 
Routien, J. B., 378 
Rovenstine, E. A., 449, 450 
Row, L. R., 490, 492, 497, 
503 
Rowlands, S., 382 
Rowley, D., 382, 398 
Rowley, D. A., 427 
Royer, R., 232 
Rozsa, G., 114 
Rubin, M., 228, 333 
Rudney, H., 529, 533 
Rudolph, G. G., 13, 533, 534 
Rudy, H., 585 
Ruegamer, W. R., 311 
Rupp, W., 575 
Rusch, H. P., 360 
Rush, B., Jr., 250 
Russell, E. S., 476 
Russell, J. A., 546 
Russell, L. B., 476 
Russell, P. B., 169 
Russell, W. C., 329 
Russell, W. L., 476 
Rustigian, R., 423 
Rusznyak, S. I., 488 
Rutgers, A. J., 116 
Rutland, J. P., 29 
Rutledge, E. K., 538 
Rutledge, M. M., 313 
Rutman, R. J., 216, 314 
Ruttinger, V., 313 
Ruzicka, L., 242 
Ryan, D. E., 568 
Ryan, J., 234 
Ryan, J. J., 383 
Rybak, B., 402, 403 
Ryden, I., 231 
Ryer, A. I., 233 


Ss 


Saas, M., 581 

Sable, H. Z., 26, 527 
Sacher, G. A., 358 
Sackis, J., 358 

Sacks, J., 548 

Sacks, M. S., 578 

Sada, J., 52 

Sadasivan, V., 23 

Sadhu, D. P., 121 

Saenz, A., 402 

Saenz, A. C., 426 

Sah, P.P.T., 48, 286, 287, 291 
Sahyun, M., 111 

Said, A., 287 

St. George, R. C. C., 271 
St. Vincent, L., 375 
Sakaguchi, S.. 111 


Sakami, W., 12, 181, 182, 188. 


515, 516, 565, 576 
Salarno, P. R., 541 


AUTHOR INDEX 


Salem, H. M., 529 

Salk, J. E., 358 

Salle, A. J.. 391 

Salles, J. B. V., 535. 536, 
537, 539 


Salmon, W. D., 280, 330, 331, 


564, 586 
Salomon, K., 189 
Salter, W. T., 246 
Saltzman, A., 45, 388 
Saluste, E., 172, 194, 526 
Samuels, G. T., 243 


Samuels, L. T.. 19, 240, 248, 


249 
Sanadi, D. R., 213, 543 
Sanborn, R. C., 7 
San Clemente, C. L., 429 
Sanders, B. G., 308, 570 
Sandholzer, L. A., 394 
Sandor, G., 415 
Sanford, H. N., 290 
Sanford, K. K., 358 
Sanger, F., 108, 115 
Sannie, C., 494 
Sano, M. E., 350 
Santisteban, G. A., 357 
Saper, S. M., 314 
Sara, T., 546 
Sarett, H. P., 586, 589, 590 
Sarett, L. H., 231, 232 
Sarich, P., 213 
Sarkar. N. K., 31 
Sarles, H., 23 
Sass-Kortsak, A., 248 
Sastri, V. D. N., 494 
Sato, R., 8 
Sato, S., 494 
Satoh, K., 161 
Sattler, L., 49 
Sauberlich, H. E., 578 
Saunders, B. C., 10 
Savage. E. E., 294, 324 
Savage, J. E., 335 
Savard, K., 239 
Saverborn, S., 78, 81 
Saviard, M., 373 
Sawitsky, A., 574 
Sayers, G., 248, 251 
Saz. H., 195 
Scaduto, L., 375 
Scatchard, G., 121 
Scattergood, A.. 52 
Scevola, M. E., 514 
Schaar, F., 579 
Schachman, H. K., 117 
Schacter, B., 9 
Schade, A. L., 152 
Schaefer. A. E., 330, 331, 
564, 586 
Schaefer. H., 28 
Schaefer, L. E., 193, 250 
Schaeffer, A. J., 213 
Schaeffer, P., 402 
Schaffer, P. A., Jr., 131 
Schales, O., 34, 535 
Schales, S. S., 34, 535 
Schatz, A., 514 


Scheebeli, G. L., 357 
Scheff, G. J., 444 
Scheid, H. E., 331, 579 
Scheinberg, I. H., 121 
Schenk, J. R., 373, 374, 375 
Schenkein, E. L., 428 
Schenker, V., 235, 238, 549 
Schepartz, A. I., 98 
Scherp, H. W., 394, 424 
Schiff, K. D., see 
Dornberger -Schiff, K. 
Schiller, S., 249 
Schilling, E. L., 358 
Schilling, J. A., 103, 104 
Schindler, O., 160 
Schinkel, M., 236, 247 
Schlechter, V., 291 
Schlenk, F., 173, 525, 526 
Schlenk, H., 100 
Schlossberger, H., 473 
Schlubach, H. H., 67 
Schliichterer, E., 68 
Schmid, K., 112, 113, 427 
Schmidlin, J., 232 
Schmidt, C. L. A., 218 
Schmidt, G., 154, 200, 517 
Schmidt, O.. 498 
Schmied-Kowarzik, V., 575 
Schmitt, J. A., 5 
Schneider, G. G., 78, 79 
Schneider, H. G., 380 
Schneider, J., 192 
Schneider, J. J., 241, 242 
Schneider, P., 266 
Schneider, R., 278, 279, 293 


Schneider, W. C., 11, 25, 114, 


198, 217, 344, 345, 346, 347 
Schneider, W. P., 233 
Schneierson, S. S., 251, 388 
Schnek, G., 32, 112, 392 
Schéberl, A., 104 
Schoen, K., 584 
Schoenbach, E. B., 356, 359, 

578 
Schoenewaldt, E., 244 
Schoenheimer, R., 209 
Scholes, G., 155, 156, 466 
Scholfield, C. R., 92 
Scholtz, M. C., 189 
Scholz, C. R., 229 
Schomaker, V., 131, 136 
Schinberg, A., 163, 287 
Schonberger, T. W., 117 
Schénheyder, F., 28, 288 
Schoone, J. C., 142 
Schopfer, W. H., 47, 153 
Schottmayer, A., 195 
Schou, M., 32 
Schramm, C. H., 146 
Schramm, G., 108, 114 
Schraufstitter, E., 491 
Schrecker, A. W., 7, 26, 543 
Schreier, E., 51, 168 
Schrek, R., 358 
Schroeder, L. J.. 318 
Schroeder, W. A., 110 
Schryver, J., 150 








Schul 
Schu 
Schu 
Schu! 
Schu 
Schu 
Schu 
Schu 
Schu 
567 
Schu 
Schw 
Schw 
Schw 
Schw 
Schv 
Schv 
Schv 
Schv 
Schv 
Schv 
Schv 
Schv 
308 
Schv 
31% 
Schv 
Scot 
Scot 
Sec 
Scot 
Scot 
Scot 
Scot 
Scot 
Scuc 
Scuc 
Seag 
Sear 
Sedz 
Seet 


375 


293 


9, 114, 


5, 347 


‘ 


, 543 











Schubert, M., 57 

Schuh, H. v., 160 

Schulman, H. R., 216 

Schulman, M. P., 171, 550 

Schulte -Uebbing, E., 106 

Schultz, A S., 171 

Schultz, G. V., 68, 77 

Schultz, T. H., 77, 78, 81 

Schultze, M. O., 312, 566, 
567 

Schumacher, H.-W., 34 

Schwab, G., 491 

Schwachman, H., 402, 476 

Schwalenberg, R., 11 

Schwander, H., 153 

Schwartz, D. E., 56 

Schwartz, H. M., 98 

Schwartz, T. B., 248 

Schwarz, K., 198 

Schwarzenbach, G., 496 

Schwarzenbach, G. M., 535 

Schweet, R. S., 531, 532 

Schweigert, B. S., 112, 212, 
308, 579 

Schwenk, E., 228, 230, 250, 
313, 331 

Schwimmer, S., 30 

Scott, C. R., 535 

Scott, D. B. M., see McNair 
Scott, D. B. 

Scott, H. M., 270, 316, 329 

Scott, K. G., 104 

Scott, M. L., 332 

Scott, P. A. A., 104 

Scott-Moncrieff, R., 501 

Scudamore, H. H., 320 

Scudi, J. V., 292 

Seagran, H. L., 152, 159 

Seaman, L., 250 

Sedati, P., 291 

Seebeck, E., 395 

Seegal, B. C., 415 

Seegers, W. H., 288 

Seeley, D. B., 378 

Seeley, H. W., 34, 195 

Seeley, M. G., 68, 73 

Seeman, A., 25 

Seemann, C. von, see 
von Seemann, C. 

Segal, H., 292 

Seibert, F. B., 57, 424 

Seidman, M., 53 

Seifter, J., 249 

Seifter, S., 55, 212, 429, 430, 
432 

Seldenrath, H. C., 235 

Selezneva, N. A., 108 

Seligman, A. M., 23, 27, 28, 
200, 448 

Sellers, E. A., 282 

= K. C., 27, 265, 268, 

7 


Semb, J., 106, 575 
Semechkina, A. F., 48 
Seneca, H., 239, 549 
Senti, F. R., 145, 146 
Serro, R. F., 56 


AUTHOR INDEX 


Seshadri, T. R., 489, 490, 
491, 492, 493, 494, 495, 497, 
501, 502, 503, 504, 505, 507, 
509 

Sevag, M. G., 420 

Sevigne, F. J., 273, 327 

Sewell, R. F., 389, 572 

Sgourakis, E., 351, 469 

Shaeleff, W., 329 

Shafizadeh, F., 51, 169 

Shah, N. M., 46 

Shakespeare, N. E., 98 

Shane, M., 307, 315 

Shanewise, R. P., 344 

Shantz, E. M., 266 

Shapiro, A., 163, 194 

Shapiro, A. P., 248 

Shapiro, B., 13, 35, 533 

Shapiro, D., 358 

Shapiro, O. W., 97 

Sharman, I. M., 327 

Sharp, V. E., 391 

Shatz, A., 394 

Shaw, E., 164, 165, 371 

Shaw, G. E., 574 

Shaw, W. H. R., 33 

Shawver, C. B., 389, 572 

Shealy, A. L., 572 

Sheehan, J. C., 105, 106, 107, 
219, 383, 384 

Sheffer, H., 156 

Shelhamer, R. H., 350 

Shelton, D. C., 308 

Shemin, D., 209, 215, 219 

Shemyakin, M. M., 367 

Shepherd, J. R., 307, 315 

Sherman, A. I., 238 

Sherman, H., 587 

Sherry, S., 156 

Sherwood, F. W., 583 

Sherwood, M. B., 169, 576 

Sherwood, R. M., 308, 313, 
569 

Shetlar, M. R., 348 

Shettles, L. B., 153 

Shideman, F. E., 450 

Shilling, W. L., 52 

Shils, M. E., 581 

Shimizu, H., 584 

Shimkin, M. B., 355 

Shimoda, F. K., 189 

Shimojo, H., 423 

Shinoda, J., 494, 508 

Shipley, R. A., 197, 243 

Shive, W., 359, 474, 578, 580 

Shmigelsky, I., 290 

Shock, N. W., 389 

Shockley, W. H., 55 

Shoemaker, D. P., 136 

Shomin, B. I., 360 

Shooter, E. M., 117, 118 

Shoppee, C. W., 229, 232 

Shorb, M. S., 568 

Shorland, F. B., 293 

Shorr, E., 418, 517 

Shortridge, R. W., 382 

Shorygina, N. N.. 48 








623 


Shotwell, O. L., 46, 373, 374 

Shreeve, W. W., 12, 182, 194, 
515 

Shreve, O. D., 91 

Shriner, R. L., 493 

Shubick, P. A., 357 

Shugar, D., 3, 4, 528 

Shull, G. M., 378 

Shunk, C. H., 44, 233, 561 

Shwartzman, G., 251 

Siddiqui, S., 493 

Siderius, P., 235 

Sidhu, S. S., 88 

Siebert, G., 156 

Siedschlag, K. G., 99 

Sieg, H., 521 

Siegel, B. M., 416 

Siegel, I.. 182 

Siegel, J. M., 195 

Siekevitz, P., 565 

Signer, R., 78, 153 

Sihlbom, E., 30 

Silber, R. H., 237, 252, 310, 
416 

Silker, R. E., 94 

Silva, M. R. e, see Rocha e 
Silva, M. 

Silver, W., 475 

Silverman, S. J., 424 

Silverstone, H., 353, 360 

Siminovitch, L., 4, 528 

Simmonds, S., 219, 399 

Simmons, F. A., 246 

Simon, M., 321 

Simonds, S., 189 

Simpson, M. E., 119, 190, 
357 

Simpson, M. V., 197, 215 

Sina, A., 110 

Sinclair, E., 197 

Sinclair, R. J. G., 244 

Sinclair, V. C., 133 

Sinclair, W. K., 468 

Singer, L., 581 

Singer, S. J., 122, 416, 478 

Singer, T. P., 7, 351, 469 

Singh, G., 230, 367, 368, 369 

Singh, T., 229 

Singher, H. O., 394 

Singleton, W. S., 90 

Singman, D., 567 

Sinios, A., 273, 326 

Sirny, R. J., 313 

Sisson, H. A., 358 

Sitch, D. A., 31 

Sixma, F. L. J., 140 

Skavinski, E. R., 344 

Skeggs. H. R., 152 

Skellon, J. H., 94, 95, 96 

Skelton, F. R., 589 

Skipper, H. E., 359, 576 

Skranowsky, S., 453 

Skutch, E. T., 152 

Slanetz, C. A., 270, 283, 335 

Slater, E. C., 6, 536, 540 

Slater, G. G., 346 

Slater, R. B. A., see 


624 


Alfin-Slater, R. B. 
Slaters, H., 265 
Slaunwhite, W. R., Jr., 236, 

237 
Slayton, R. E., 323 
Slein, M. W., 26, 521, 522, 

523, 548 
Sloane -Stanley, G. H., 34 
Slobodiansky, E., 109 
Slocumb, C. H., 242, 245, 

246, 250 
Slonimski, P., 18, 480 
Sloviter, H. A., 359 
Smellie, R. M. S., 151 
Smiley, K. L., 583 
Smit, A. J. H., see 

Haagen-Smit, A. J. 
Smith, A. H., 318 
Smith, C. C., 289 
Smith, C. J., 310, 311 
Smith, D. B., 156 
Smith, D. E., 253, 358 
Smith, E., 164 
Smith, E. L., 118, 119, 219, 

248, 382, 418, 419, 428, 

563, 564 
Smith, F., 43, 50, 53, 56, 67, 

68, 253 
Smith, G. N., 27, 239, 388, 

404 
Smith, G. van S., 244 
Smith, H., 158, 168 
Smith, I. H., 333 
Smith, J. D., 110, 156, 157 
Smith, J. H. C., 196 
Smith, J. M., Jr., 575, 578 
Smith, J. N., 44, 442, 445, 

446, 450, 451, 452, 455, 456, 

457, 458, 461 
Smith, K. A., 155, 351, 353, 

466 
Smith, L. C., 307, 315 
Smith, L. D., 28, 423 
Smith, L. W., 295 
Smith, O. W., 244 
Smith, P. H., 196, 400, 401 
Smith, R. M., 388 
Smith, S. G., 109 
Smith, T., 355 
Smith, W. W., 253 
Smithies, O., 1, 2 
Smolenski, R., 69 
Smyrniotis, P. Z., 46, 524 
Smyth, C. P., 88 
Smythe, C. V., 456 
Snair, W. D., 191 
Snapp, R. H., 358 
Snapper, I., 45 
Snell, E. E., 473, 544, 579, 

582, 583, 588 
Snell, N. S., 112, 150, 313, 

571 


Snellman, O., 68, 78, 114 
Sniffen, R. C., 246 
Snog-Kjaer, A., 291 
Snoke, J. E., 26 

Snook, G. F., 559 


AUTHOR INDEX 


Snyder, J. C., 429 

Snyderman, S. E., 586 

Sobel, A. E., 265 

Sobin, B. A., 378, 380 

Socquet, I. M., 4, 530 

Sodi Pallares, E., see 
Pallares, E. S. 

Soffer, L. J., 246, 251 

Sokoloff, B. T., 389 

Sokoray, L., 488 

Solmssen, U., 167 

Solomon, A. K., 216 

Solomons, I. A., 46, 372, 373, 
378 

Solotorovsky, M., 196, 251, 
401, 416 

Sommerfeld, R. V., 69 

Sommerville, I. F., 243, 244 

Somogyi, M., 546, 549 

Sonderegger, T. B., 7 

Séndergaard, E., 281, 286, 
288, 292 

Sondheimer, F., 99, 293 

Sonne, J. C., 171 

Sonne, L. M., 276 

Sonneborn, T. M., 479 

Soodak, M., 44, 544 

Sookne, A. M., 68, 78 

Sérbye, @., 288 

Sdés, J., 285 

Sosa, A., 494 

Southam, F. W., 49 

Southcott, B. A., 331 

Sowden, J. C., 45, 50 

Spark, L. C., 114, 145 

Speck, J. F., 219, 220 

Speck, R. S., 404 

Spector, H., 316, 321 

Speer, V. C., 389, 572 

Speirs, R. S., 253 

Speiser, R., 69, 76, 77, 78, 
80, 81 

Spencer, B., 44, 457, 458 

Sperling, E., 5 

Spero, L., 289 

Sperry, W. M., 193 

Spiegelman, S., 219, 480, 520 

Spielman, A. A., 270 

Spielmann, W., 423, 424 

Spies, J. R., 111 

Spies, T. D., 415, 573, 574, 
579 

Spink, W. W., 291, 388 

Spinks, A., 456 

Spinks, J. W. T., 289, 468 

Spirtes, M. A., 538 

Spitnik, P., 108 

Spitz, D., 53 

Spitz, S., 355 

Spizizen, J., 152 

Spoehr, H. A., 196 

Sprague, G. F., 314 

Sprague, N. B., 193 

Sprague, R. G., 240, 242, 
245, 246, 250 

Sprechler, M., 237 

Spring, F. S., 371, 387 


Springer, E., 427 
Sprinson, D. B., 171, 172, 
210, 214, 576 
Sproston, T. J., 291 
Sprunt, D. H., 349 
Spurlin, H. M., 55 
Spurr, C. L., 355 
Spyhalski, E., 380 
Srb, A. M., 473 
Srere, P. A., 239 
Stacey, M., 51, 53, 54, 55, 
56, 57, 68, 150, 169, 398, 
399, 422, 424 
Stack, M. V., 420 
Stadie, W. C., 26, 180, 548 j 
Stadtman, E. R., 25, 35, 194, | 
196, 531, 533 i 
Staehelin, D., 228, 246, 250, 
251, 252 
Stafford, R. O., 201 
Stahl, E., 230 j 
Stahlin, I., 195 
Stallcup, O. T., 268, 326 j 
Stamler, J., 197 ; 
Stanék, J., 51, 52 
Stanier, J. E., 56, 269 ' 
Stanley, G. H. S., see i 
Sloane -Stanley, G. H. 
Stanley, W. M., 360 
Stanton, E. K., 319 
Stanton, M. F., 388 
Stapf, R. J., 97 
Stare, F. J., 12 
Stark, J., 371 
Stark, J. B., 44 
Staub, P. L., 245 
Stavely, H. E., 230, 382 
Steckley, A., 587 
Steele, B. F., 310 
Stefanini, M., 287 
Steffee, C. H., 213, 305, 306 
Stegeman, G., 48 
Steig, W. E., 390 
Steigmann, F., 273, 327 
Steimmig, A., 69, 71, 72, 73 
Stein, A. M., 344 
Stein, G., 155, 466, 469 
Stein, R. J., 151 
Stein, W. H., 110 
Steinbach, M. M., 388 
Steiner, P. E., 356, 358 
Steinhardt, J., 122 
Steioritz, L. M., 349 
Stekol, J. A., 331, 332, 441, 
458, 565 
Stephens, C. A. L., Jr., 250 
Stephens, S. G., 505, 506 
Stephenson, M. L., 216, 218, 
346 
Stepka, W., 48 
Stepto, R. C., 213 
Stern, F., 141 
Stern, J. R., 13, 18, 35, 194, 
333, 334, 389, 530, 531, 
532, 533, 567 
Stern, K. G., 149, 150 
Stern, R. M., 584 








Ste: 
Ste: 
Ste 
Ste’ 
Ste 
Ste 
Ste 
Ste 
Ste 
Ste 
Ste 
Sti 
Sti 
Stil 
Sti 
Sti 
Stj 











6 





Sternbach, L., 78 

Sternberger, L. A., 428 

Sternburg, J., 459 

Stetten, D., Jr., 47, 524 

Stetten, M. R., 47, 474, 524 

Stevens, C. M., 106, 468 

Stevens, P. L., 585 

Stevenson, A. C., 233 

Steward, F. C., 16 

Stewart, L. C., 44, 51 

Stewart, W. T., 68, 73 

Stickland, L. H., 522 

Stier, T. J., 480 

Still, J. L., 5, 14 

Stimmel, B. F., 237, 244 

Stinchfield, F. E., 252 

Stjernholm, R., 194 

Stobble, G. D., 359 

Stock, C. C., 252, 355, 358, 
359, 360, 577, 587 

Stodola, F. H., 46, 373, 374 

Stoerk, H. C., 250, 251, 252, 
427 

Stoesz, P. A., 345 

Stokey, E., 569 

Stokstad, E. L. R., 106, 331, 
332, 333, 334, 335, 388, 
562, 564, 568, 572, 578, 579 

Stoll, A., 44, 45, 46, 395 

Stolzenbach, F. E., 543 

Stone, D., 109 

Stone, G. B., 584 

Stone, R. E., 573, 579 

Stone, W. S., 351, 467, 468, 
470 

Stoner, H. B., 173 

Stoppani, A. O. M., 8, 16, 
196 


Stora, C., 141 

Storey, I. D. E., 31, 460 

Stork, G., 230 

Stotz, E., 6, 27, 160, 179, 180 

Straessle, R., 120 

Strain, H. H., 196 

Stranger, D. W., 357 

Straub, E., 326 

Straub, F. B., 113 

Straube, R. L., 253, 358 

Strauss, M. B., 573 

Strecker, H. J., 531 

Strehler, B. L., 474 

Strength, D. R., 330, 331, 
564 

Stricks, W., 111 

Strijk, B., 48, 142 

Strisower, B., 113, 193 

Strisower, E. H., 547 

Strittmatter, C. F., 12, 16, 
541 

Strong, F. M., 90, 99, 380, 
545, 580, 582 

Strong, L. C., 468 

Strong, L. E., 112, 427 

Stross, P., 564 

Stubberfield, L., 295 

Stubbs, A. L., 265 

Stuckey, R. E., 564 


AUTHOR INDEX 


Studer, M., 68 

Stuewer, R. F., 78 

Stumpf, P. K., 15, 32, 33, 
220, 514 

Sturgeon, B., 560, 561 

Sturgeon, P., 573 

Sturgis, S. H., 244 

Sturtevant, A. H., 481 

Stutinsky, F., 192 

Styles, H., 394 

Subbaraju, G., 287 

SubbaRow, Y., 106, 295, 569 

Sucharipa, R., 71 

Suckling, C. W., 493 

Sugihara, J. M., 398 

Sugiura, K., 170, 252, 358, 
359, 577 

Sulkin, N. M., 151 

Sullivan, R. A., 319 

Sulon, E., 581 

Summers, G. H. R., 229 

Summerson, W. H., 9 

Sumner, J. B., 25, 31, 517 

Sundberg, A. I., see 
Ingelman-Sundberg, A. 

Sundberg, R. D., 579 

Sunde, M. L., 330, 335 

Sundegger, T. B., 123 

Suomalainen, P., 284 

Suran, A. A., 28 

Sure, B., 568 

Sureau, B., 373 

Surgenor, D. M., 112, 122, 
427 

Siis, O., 384, 385 

Sussman, M., 520 

Sutherland, E. W., 26 

Sutherland, G. B. B. M., 122, 
146 

Sutherland, G. L., 580 

Sutliff, W. D., 428 

Sutton, T. S., 334 

Svedberg, T., 78 

Svensson, H., 116 

Swallow, A. J., 31 

Swan, J. M., 385 

Swank, W., 567 

Swanson, A. L., 26, 404 


Swanson, M. A., 23, 187, 192, 


198, 516, 521 
Swanson, P. P., 317 
Swanson, W. J., 277, 325 
Swart, E. A., 375, 376, 394 
Sweat, M. L., 249 
Sweeney, L., 156 
Sweeny, W., 371 
Swell, L., 28, 202 
Swenseid, M. E., 574 
Swern, D., 90, 91 
Swick, R. W., 326 
Swift, M. N., 253 
Swim, H. E., 195 
Sylvén, B., 454 
Sylvester, J. C., 373, 374 
Synge, R. L. M., 54, 108 
Szafarz, D., 152 
Szago, C. M., 190 





Szanto, P. B., 566 

Szarvas, P., 113 

Szekely, L., 508 

Szent-Gyérgyi, A., 2, 114, 
487, 488, 489 

Szilard, L., 470 

Szorenyi, E. T., 25 

Szulmajster, J., 17, 541 


T 


Tabone, J., 111 

Taha, M. M., 267 

Takagi, S., 575 

Tal, C., 425 

Talbot, N. B., 234 

Talbott, J. H., 250 

Taliaferro, L. G., 427 

Taliaferro, W. H., 415, 427 

Tamayo, M. L., 24 

Tambor, J., 496 

Tamiya, T., 423 

Tanford, C., 121 

Tanghe, L. J., 55 

Tannenbaum, A., 353, 360 

Tanner, F. W., Jr., 387, 584 

Tapley, D. F., 349 

Tappan, D. V., 567, 568 

Tarpey, W., 104 

Tarr, H. L. A., 313, 331 

Tarr, L. W., 80 

Tarr, R., 427 

Tarver, H., 197, 211, 215, 
216, 218, 314 

Tatchell, A. R., 53 

Tatting, B., 577 

Tatum, E. L., 189, 219, 468, 
471, 472, 473 

Taubenhaus, M., 252 

Tauber, H., 49 

Tauber, H. T., 222 

Taufel, K., 92 

Tavlitzki, J., 480 

Tayeau, F., 417 

Tayler, R. C., 270 

Taylor, B., 520 

Taylor, C. B., 188 

Taylor, E. S., 398 

Taylor, H. E., 470 

Taylor, H. L., 112, 427 

Taylor, J. F., 527 

Taylor, M. W., 329 

Taylor, R. R., 334, 572 

Taylor, W. R., 90, 99, 375 

Teas, H. J., 472 

Teisinger, J., 453 

Temple, R. B., 122 

Teng, P., 389 

Tepley, L. J., 405, 541 

Teresi, J. D., 121, 346 

Terrill, P. M., 382 

Terrill, S. W., 572 

Testa, E., 25 

Teunissen, G. H. B., 285, 
325 

Thaler, H., 195 

Thannhauser, S. J., 154, 200 





626 


Thayer, R. H., 328 

Thayer, S. A., 244 

Thelen, C. J., 92 

Thiersch, J. B., 165, 172, 
333, 577 

Thiessen, R., Jr., 49, 318 

Thimann, K. V., 519 

Thiruvengadam, T. R., 494, 
503, 504 

Thoai, N.-Van, 23, 29 

Thoday, J. M., 351, 469 

Thomas, E. M., 273, 327 

Thomas, G., 270 

Thomas, G. H., 164 

Thomas, G. J., 518 

Thomas, G. P., see 
Perrot-Thomas, G. 

Thomas, J. F., 160, 347 

Thomas, L. E., 349 

Thomas, W. E., 307 

Thompson, A. R., 92 

Thompson, C. R., 94, 326, 
328 

Thompson, E. C., 253 

Thompson, H. T., 331 

Thompson, J. F., 16 

Thompson, J. S., 357 

Thompson, R. B., 328, 573 

Thompson, R. C., 310 

Thompson, R. H. S., 28 

Thompson, S. Y., 267, 268, 
269, 326 

Thomson, R. Y., 151 

Thorburn, L. A., 334 

Thorn, G. W., 228, 246, 247, 
250, 251, 252 

Thorne, C. B., 34, 381, 382 

Thorp, F., Jr., 334, 581 

Thorpe, W. V., 32, 446, 451, 
454, 455, 457 

Thrun, W. E., 78 

Thumm, G., 108 

Tice, S. V., 34 

Tichadou, M. B., see 
Bozzi-Tichadou, M. 

Tidwell, H. C., 197 

Tilden, E. B., 51 

The, F.C... 587 

Tinker, J. F., 165 

Tint, H., 8, 31, 117 

Tiselius, A., 54, 116 

Tishler,-M., 94, 265, 266, 
267, 381 

Tobie, E. J., 15 

Tobin, C. E., 278, 281 

Tobler, E., 267 

Toca, R. L., see 
Lopez Toca, R. 

Todd, A. R., 44, 52, 53, 160, 


165, 166, 167, 168, 169, 381, 


382, 561, 585 
Todd, C. M., 7 
Tolbert, N. E., 4, 551 
Toll, D., 425 
Tomarelli, R. M., 282 
Tomkins, R. G., 31, 77 
Tomkuljak, D., 52, 54 


AUTHOR INDEX 


Tompkins, M., 403 
Tonhazy, N. E., 248, 401 
Topham, A., 52, 165 
Topper, Y. J., 515 
Torii, M., 472 
Totter, J. R., 15, 217, 576 
Totton, E. L., 46 
Tracy, M. M., 347 
Traub, R., 371 
Traufler, D. H., 584 
Trauth, O., 44 
Trautmann, M. L., 33 
Travers, J. J., 213 
Treadwell, C. R., 28, 202 
Treffers, H. P., 418, 426, 
432 
Treitman_S: S., 239 
Treumann, W. B., 28 
Trevelyan, W. E., 43 
Trevoy, L. W., 289 
Trexler, P. C., 332 
Trippett, S., 52 
Tristram, G. R., 111, 145 
Troitski, G. V., 267 
Troutman, H. D., 387 
Truant, A. P., 269 
Trucco, R. E., 25, 46, 522 
Trufanov, A. V., 575 
Trurnit, H. J., 122, 416 
Tsao, T.-C., 115 
Tsou, C. L., 119 
Tsuzuki, Y., 43 
Tuba, J., 28 
Timova, E. R., see 
Riedl-Timova, E. 
Turba, F., 111, 116 
Turchini, J., 168 
Turner, R. B., 233 
Tuttle, L. C., 7, 13, 28, 123, 
201, 544 
Twitty, V. C., 481 
Twombly, G. H., 244 
Tyler, D. B., 16, 542 
Tyler, F. H., 248 
Tyree, E. B., 253, 358 
Tyree, J. T., 54 
Tyrrell, L. W., 28 


U 


Udenfriend, S., 45, 110, 527 
Uebbing, E. S., see 
Schulte -Uebbing, E. 
Ulick, S., 12, 277, 285 
Ulliot, G. E., 356 
Umbreit, W. W., 248, 400, 401 
Umezawa, H., 375 
Underdahl, N. R., 276 
Underhill, F. P., 456 
Underkofler, L. A., 51 
Ungley, C. C., 573, 574 
Urie, A., 78 
Uroma, E., 112, 427 
Urquhart, J. M., 121, 385 
Utter, M. F., 533, 537, 
542 
Uyeo, S., 575 


Vv 


Valentin, F., 52 

Valentik, K., 152 

Valiant, J., 560, 574 

Vallee, B. L., 35 

van Bommel, A. J., 142 

van Creveld, S., 242 

van Damme, R., 15 

VanDemark, P. J., 34, 195 

van der Kaay, F. C., 285, 325 

Vanderlinde, R. E., 5, 250 

van der Meer, C., 283 

Van der Minne, J. L., 116 

Vander Werff, H., 169, 576 

van der Wyk, A. J. A., 68 

Van Donk, E. C., 295 

Van Dorp, D., 232 

van Dyke, H. B., 283, 447, 
448, 449 

van Eekelen, M., 285, 325 

van Goor, H., 15 

van Grembergen, G., 15 

van Hook, E., 287 

van Koetsveld, E. E., 286 

Van Lanen, J. M., 583, 584 

Van Oordt, G. J., 252 

Van Pilsum, J. F., 314, 315 

van Reen, R., 329 

van Veersen, G. J., 348 

van Vloten, G. W., see 
Vioten, G. W. van 

Van Wagoner, E., 319 

van Wagtendonk, W. J., 295, 
479 

Van Zandt Hawn, C., 114 

Varela, G., 584 

Varga, F., 290 

Varner, J. E., 551 

Vars, H. M., 566 

Vasseur, E., 49 

Vaudable -Roger, M., 23 

Vaughan, J. R., 215 

Vaughn, J. H., 433 

Vavich, M. G., 268, 327 

Veer, W. L. C., 562, 563 

Veersen, G. J. van, see 
van Veersen, G. J. 

Véghelyi, P. V., 285 

Veld, L. G. H. in't, see 
Huis in't Veld, L. G. 

Velick, S. F., 3, 527 

Vendrely, C., 151, 212, 465 

Vendrely, R., 151, 212, 465 

Venkataraman, A., 461, 550 

Venkataraman, K., 497 

Venkataraman, P. R., 461, 
550 

Venkateswarlu, V., 492 

Vennesland, K., 403 

Venning, E. H., 237, 245, 246 

Vercauteren, R., 33, 155 

Vercruysse, R., 15 

Verly, W. G., 244, 565 

Vermaas, D., 75 

Vermund, H., 153 

Vernon, L., 48, 551 








Verzar, F., 248, 249, 549 

Vessey, R. E., 569 

Vestling, C. S., 26, 182, 354, 
522, 548, 550 

Vibrans, F. C., 95 

Vieira, L. G., 117 

Vigneaud, V. du, see 
du Vigneaud, V. 

Vijayaraghavan, P. K., 567 

Villee, C. A., 14, 477 

Vilter, R. W., 573, 586 

Vining, D., 358 

Vinson, J. W., 378 

Virtanen, A. I., 222 

Vischer, E., 158, 159, 347 

Vischer, E. B., 370 

Viscontini, M., 235 

Vishniac, W., 522, 550 

Visser, D. W., 169 

Viswanadham, N., 490 

Viswanath, G., 495, 497 

Vioten, G. W. van, 48, 142 

Vogel, H. J., 157 

Vogel, W. C., 250 

Vogt, M., 467 

Vohs, R. L., 389, 572 

Vojnovich, C., 584 

Voleani, B. E., 473 

Volk, M. E., 181, 182 

Volimert, B., 69, 79 

Volqvartz, K., 28 

von Brand, T., 15 

von Engel, B. G., see 
Engel, B. G. v. 

von Euler, H., see 
Euler, H. v. 

von Euw, J., see 
Euw, J. v. 

von Hauenstein, H., see 
Hauenstein, H. v. 

von Jeney, A., see 
Jeney, A. v. 

von Kostanecki, S., see 
Kostanecki, S. v. 

von Krogh, M., 430 

von Plotho, O., see 
Plotho, O. v. 

von Schuh, H., see 
Schuh, H. v. 

von Seemann, C., 230 

Vorlaender, K., 430 

Voskuil, P., 244 

Voti Li, P., 350 

Vries, A. de, see 
de Vries, A. 


Ww 


Wacker, A., 575 

Wada, H., 12 

Waddell, J., 275 
Waddell, W. W., 290 
Wadman, W. H., 43, 49 
Waelsch, H., 32, 221 
Wagman, J., 150 
Wagner, A., 104 
Wagner, M., 332 


AUTHOR INDEX 


Wagner, R., 279, 517 
Wagner, R. B., 231 
Wagner, R. P., 467, 468, 470, 
474, 476 
Wagtendonk, W. J. van, see 
van Wagtendonk, W. J. 
Wahlstrom, R. C., 572 
Wainio, W. W., 346 
Wainwright, W. W., 581 
Waisbren, B. A., 388, 389 
Waisbrot, S. W., 50 
Waitkoff, H. K., 314 
Wakelin, R. W., 534 
Waksman, B. H., 430 
Waksman, S. A., 372, 375, 
376, 378, 381, 394 
Walaas, E., 549 
Walaas, O., 549 
Walaszek, L. J., 119 
Walbeck, H. P. H., see 
Hoffman-Walbeck, H. P. 
Wald, G., 200, 266, 271, 272 
Waldschmidt-Letiz, E., 221, 
223 
Walker, A. D., 372, 563, 579 
Wallace, A. L., 428, 431 
Wallace, H. D., 389, 573 
Wallace, W., 388 
Waller, C. W., 106, 575 
Waller, I. R., 232 
Wallis, E. S., 47 
Wallmark, F. G., 391 
Wallraff, E. B., 250 
Walop, J. N., 28 
Walpole, A. L., 355, 356 
Walsh, A. D., 353 
Walter, A. W., 428 
Walter, E. D., 44 
Walters, C. P., 12, 16, 541 
Wang, F. C., 248, 249, 549 
Wang, T. P., 525 
Waravdekar, V. S., 359 
Warbasse, W. W., 400 
Warburg, O., 527, 550 
Ward, S. M., 416, 418 
Ward, T. L., 90 
Ward, W. H., 69, 150 
Wargon, M., 154 
Warkany, J., 273 
Warner, I., 545 
Warner, R. C., 145 
Warrack, G. H., 427 
Warren, G. G., 90 
Wartman, W. B., 357 
Wasdell, M. R., 32 
Wase, A. W., 346, 586 
Wasserman, L., 584 
Wasteneys, H., 222 
Watanbe, R., 106 
Waters, N. F., 316 
Waters, W. H., 351 
Watkins, W. M., 57, 420, 421, 
422, 423 
Watson, C. J., 113 
Watson, G. H. R., 10 
Watson, J. B., see 
Boyes-Watson, J. 


627 


Watson, M., 234 
Watt, D., 539 
Watts, A. B., 567 
Watts, B. M., 95 
Watts, D. T., 16 
Wawra, C. Z., 489 
Webb, E. C., 27 
Webb, J. L., 489 
Webb, M., 33, 153, 193 
Webber, L. F., 355 
Weber, F., 76, 78 
Weber, G., 7, 162, 584 
Weber, G. M., 212, 355 
Weber, H. H., 114 
Weber, O. H., 68 
Weber, W. W., 385 
Webster, M. E., 31 
Wedemeyer, K. F., 53 
Week, E. F., 273, 327 
Weekley, F. B., 519 
Weeks, M., 76, 78 
Weibull, C., 424 
Weidel, W., 473 
Weidinger, A., 75 
Weihe, H. D., 68 
Weil, A. J., 432 
Weill, R., 190 
Weil-Malherbe, H., 548 
Weiman, E. O., 13 
Weimar, V., 295 
Weimer, H. E., 113 
Weiner, M., 288 
Weinhouse, S., 18, 180, 181, 
182, 538 
Weinman, E. O., 183 
Weir, J. B. de V., 275 
Weir, J. M., 476 
Weisblat, D. I., 43, 50 
Weisburger, E. K., 356 
Weisburger, J. H., 356 
Weise, A. C., 332 
Weiser, R. S., 375 
Weiss, D., 378 
Weiss, D. E., 372 
Weiss, J., 155, 156, 466, 469 
Weiss, K., 331, 332, 565 
Weiss, P., 106 
Weiss, S., 332, 565 
Weist, W. G., 356 
Weisz, O., 144 
Welch, A. D., 565, 574, 579 
Welch, E. A., 100 
Welch, H., 379, 389 
Welch, J. F., 371 
Wells, I. C., 478 
Wender, S. H., 45 
Wendler, N. L., 94, 265, 266, 
267 
Wenner, C. E., 538 
Went, F. W., 475 
Werkman, C. H., 399, 536, 
537, 538, 539 
Werle, E., 6 
Werner, C. A., 379 
Wertheimer, E., 548 
Werthessen, N. T., 250 
Wescoe, W. C., 30 








628 


Weser, D. K., see Koch- 
Weser, D. 

Wessman, G. E., 537, 538 

West, C. C., 243 

Westall, R. G., 103 

Westerbeke, D., 68, 73 

Westerfeld, W. W., 5, 213, 
250, 356 

Westergaard, M., 467, 468 

Westfall, B. B., 356 

Westfall, R. J., 319 

Westheimer, F. H., 45, 514 

Westveer, W. M., 402 

Wetter, L. R., 417, 418, 419 

Wetterlow, L. H., 418 

Wettstein, A., 230 

Wetzel, N. C., 333 

Weygand, F., 44, 49, 50, 161, 
575 

Whalley, H. C. S. de, see 
de Whalley, H. C. S. 

Whalley, W. B., 370, 493 

Wharton, F. D., 270, 329 

Wheeler, R. S., 283 

Wheeler, W. E., 573 

Whelan, W. J., 31, 54, 518 

Whistler, R. L., 44, 49, 54, 
56, 71 

Whitaker, W. L., 252, 253 

Whitby, L. G., 585 

White, A., 190, 248, 251, 427 

White, C. E., 327 

White, E., 388 

White, E. V., 68 

White, J. C., 151 

White, J. G., 133 

White, W. F., 119 

Whitehead, J. K., 106 

Whitehill, A. R., 333, 388, 
389, 569 

Whitfield, G. B., 562 

Whittaker, V. P., 29 

Whyte, D. E., 98 

Wick, A. N., 180, 237 

Widmer, C., Jr., 200, 293, 
324 

Wiebelhaus, V. D., 522 

Wieland, H., 47 

Wieland, P., 233 

Wieland, T., 108, 116 

Wiener, S., 154 

Wiese, H. F., 293 

Wiggins, L. F., 48, 50, 51 

Wijmenga, H. G., 562, 563 

Wilber, C. G., 199 

Wilbur, K. M., 97, 180 

Wilcox, P. E., 533 

Wilcox, R. A., 334 

Wild, A. M., 385 

Wild, G. M., 516 

Wilder, V. M., 283 

Wilds, A. L., 233 

Wilens, S. L., 193 

Wilgus, H. S., 268, 328, 330, 
332, 571 

Wilham, C. A., 55 

Wilhelmi, A. E., 192 


AUTHOR INDEX 


Wilkins, L., 247 

Wilkinson, I. A., 31, 54 

Wilkinson, S., 389 

Willebrands, A. F., 547 

Willi, H., 291 

Williams, B. S., 119 

Williams, C. M., 7 

Williams, D. E., 308 

Williams, H. H., 307, 308, 
309 

Williams, J. C., see 
Collins-Williams, J. 

Williams, J. N., Jr., 163, 
182, 213, 310, 316, 344 

Williams, R. F., Jr., 55 

Williams, R. J., 310, 476 

Williams, R. T., 44, 441, 442, 
445, 446, 450, 451, 452, 453, 
455, 456, 457, 458, 461 

Williams, T. N. W., 113 

Williams, W. L., 544, 583 

Wills, E. D., 33 

Willstatter, R., 496 

Wilson, D. L., 228, 246, 250, 
251, 252 

Wilson, D. W., 171, 181 

Wilson, H., 236, 241, 242, 
246 

Wilson, I. B., 29 

Wilson, J. E., 565 

Wilson, J. G., 269, 273 

Wilson, J. R., 521 

Wilson, L. W., 246 

Wilson, M. L., 239 

Windsor, E., 212 

Winge, 0., 480 

Winnick, T., 210, 211, 218 

Winsten, W. A., 46, 402, 580 

Winter, A. R., 334 

Winter, C. A., 249, 252, 566 

Winter, K. K., see 
Kinsella-Winter, K. 

Wintersteiner, O., 370, 375, 
376, 377, 381, 382 

Wintrobe, M. M., 577 

Winzler, R. J., 346 

Winzler, R. S., 113 

Wirth, K., 454 

Wise, G. H., 270, 285 

Wise, J. E., 243 

Wishart, R. S., 47 

Wissler, R. W., 306, 323 

Witebsky, E., 420 

Witkin, E. M., 467 

Witnauer, L. P., 90, 146 

Witter, R. F., 179, 180 

Wittle, E. L., 544, 583 

Wittler, R. G., 427 

Woellaeger, E. E., 327 

Wolf, D. E., 559, 560, 562, 
563, 574 

Wolf, G., 23, 352 

Wolf, L. M., 388, 451 

Wolf, P. A., 402 

Wolfe, H. R., 427 

Wolfe, J. K., 234 

Wolff, R., 164 


Wolfrom, M. L., 43, 46, 50, 
51, 52, 54, 57, 377 

Wollman, S. H., 12, 277 

Wolochow, W., 45 

Woltemate, M. L., 89, 90 

Womack, M., 307, 315 

Wong, E., 27 

Wood, D. J. C., 50 

Wood, D. Y., 9 

Wood, H. G., 12, 181, 182, 
515, 516, 531 

Wood, J. L., 352, 356, 457, 
458 

Wood, M. E., 250 

Wood, P. B., 32, 451 

Wood, T. R., 559, 574 

Wood, W. A., 34 

Woodbury, D. M., 251 

Woodhouse, D. L., 163 

Woods, K. A., 252 

Woods, L. L., 48 

Woods, M. W., 11, 477 

Woodward, R. B., 142, 146, 
229, 367, 368, 369 

Wooley, D. W., 404 

Woolley, G. W., 252, 357 

Woolridge, R. L., 305, 306 

Woolridge, R. W., 306 

Woolsey, L. D., 278, 325 

Work, E., 103, 104 

Work, T. S., 106, 107, 391, 
471 

Wormall, A., 33, 415, 416, 
426 

Worrel, C. S., 26, 239, 388, 
404 

Wéstmann, B., 286 

Wrenshall, G. A., 545 

Wretlind, K. A. J., 28, 105, 
306, 315 

Wright, B. A., 146 

Wright, H. N., 32 

Wright, L. D., 152 

Wright, S., 475 

Wright, W. S., 549 

Wuhrmann, K., 71 

Wulzen, R., 295 

Wunderly, C., 150 

Wurmser, R., 1, 416 

Wurmser, S. F., see 
Filitti-Wurmser, S. 

Wurtz, E., 252, 357, 586 

Wyatt, G. R., 157 

Wyckoff, R. W.G., 114 

Wyk, A. J. A. van der, see 
van der Wyk, A. J. A. 

Wykes, A. A., 306 

Wyman, L., 425 

Wynn, V., 113 

Wynne, A. M., 23 

Wyss, M. B., 475 

Wyss, O., 351, 470, 475 

Wyzan, H. S., 307, 315 


Y 


Yacowitz, H., 331 





et od oi att tt eh ott ath th ett oh: att ath eth eh et lh adh od at et ot a 





Yamada, E. Y., 5, 248 
Yamafuji, K., 12 
Yamamoto, R. S., 202 
Yamamoto, T., 423 
Yamazaki, Y., 43 
Yanofsky, C., 473, 589 
Yasuoka, T., 423 
Yearian, H. J., 54 
Yee, Y. S., 27 
Yenson, M., 431 
Yenson, M. M., 429 
Yeshoda, K. M., 213 
Yokoyama, T., 346 
Yoshihara, I., 584 
Yosizawa, Z., 423 
You, R. W., 282 
Youmans, J. B., 585 
Young, F. G., 191 
Young, G. A., Jr., 276 
Young, G. T., 107 
Young, H. N., 471 
Young, L., 454, 456, 458 
Young, R. J., 319 


AUTHOR INDEX 


Youngner, J. S., 358 
Yuda, N. N. 569 


Zz 


Zabin, I., 184, 185, 188, 189, 
239 


Zacharias, L., 281, 325 

Zaffaroni, A., 235, 238, 
240 

Zahnd, H., 49 

Zaiser, E. M., 122 

Zak, E., 33 

Zamecnik, P. C., 216, 218, 
221, 346 

Zamenhof, S., 153, 155, 
157 

Zanetti, M. E., 252, 586 

Zarrow, M. X., 246 

Zauder, H. L., 183 

Zechmeister, L., 267, 268, 
325, 326, 475 

Zeller, E. A., 24, 401 


629 


Zemplen, G., 496, 498, 507, 
508, 509 
Zerban, F. W., 49 
Zervas, L., 106 
Zetterberg, B., 401 
Zetterstrém, R., 25 
Zief, M., 51, 54 
Ziegler, P., 233 
Zilliken, F., 548 
Zilversmit, D. B., 186 
Zimmermann, B., 549 
Zinder, N., 471 
Zinner, H., 51, 52, 168 
Zissis, E., 51 
Zittle, C. A., 24, 423 
Zoliner, N., 154 
Zophy, W. H., 50 
Zscheile, F. P., 314, 475 
Zucker, L. M., 567 
Zucker, T. F., 567 
Zuckerman, S., 251 
Zuzak, H., 288 
Zwingelstein, G., 266 








Acetaldehyde 
fatty acid synthesis and, 184 
metabolism of, 539, 540 
Acetanilide, metabolism of, 
444, 445 
Acetate 
active acetate 
citrate formation from, 
531-34 
generation of, 530-32 
bacterial metabolism of, 
195 
cholesterol synthesis and, 
187, 239 
conversion to acetoacetate, 
insulin and, 547 
fatty acid synthesis and, 
184 
oxidation by bacteria to 
succinate, 539 
pectin content of, 69 
pyruvate metabolism and, 
12 


tricarboxylic acid cycle 
and, 13 
Acetoacetate 
bacterial assimilation of, 
195 
cholesterol synthesis and, 
187, 190 
decarboxylase for, 34 
fluoroacetate and, 534 
formation from acetate, 
insulin and, 547 
glycogenolysis and, 192 
insulin sensitivity and, 193 
plasma glucose and, 193 
production of 
acetone and, 185 
fatty acid oxidation and, 
180-83 
phosphate and, 179, 180 
Acetone 
cholesterol synthesis and, 
184, 187, 188, 239 
fatty acid synthesis and, 
184, 185 
Acetylation, 184, 194 
acetate and, 184 
acetone and, 184 
enzymatic mechanism of, 
194 
glucuronide synthesis and, 
461 
leucine and, 185 
pantothenic acid and, 581 
Acetylcholine, hydrolysis of, 
28-30 
see also Cholinesterases 


SUBJECT INDEX 


Acetylglycine, structure of, 
136, 137 
Acetylphosphate 
active acetate formation 
and, 530, 531 
formation of, 14 
Acetylsalicylic acid, esterase 
for, 28 
Acid, secretion by stomach, 
energetics of, 2 
Aconitase 
in heart, 35 
tricarboxylic acid cycle 
and, 534 
Aconitate, condensation 
product in Krebs cycle, 
534 
Actin, in muscle, 114, 115 
Actinomycins 
antibiotic action of, 381 
chemistry of, 381, 382 
Actinorhodine, structure of, 
370, 371 
Actomyosin 
estrogens and, 249 
in muscle, 114, 115 
Acylase, isomer separation 
by, 35 
Adenine 
carbon 14-labeled, 165 
cell growth and, 169 
determination of, 163 
kidney crystal deposition 
and, 172 
molecular configuration of, 
138 
nucleic acid synthesis and, 
170, 171 
synthesis of, 164, 165 
transforming principle and, 
470 
Adenosine 
cophosphorylase action of, 
180 


phosphorolysis of, 525, 526 
Adenosinediphosphate, equi- 
librium with, phospho- 
pyruvate and, 1 
Adenosine phosphates, prepa- 
ration of, 168 
Adenosinetriphosphatase 
activity of, 24, 25 
choline and, 25 
insulin and, 548 
magnesium and, 24 
sulfhydryl and, 25 
Adenosinetriphosphate 
coenzyme synthesis and, 27 
cyclic forms of, 167 
dephosphorylation of, 162 
determination of, 163 


630 


fatty acid oxidation and, 179 

flavin nucleotides and, 7 

formation of, thyroid and, 
550 

hydrolysis of, energetics 
of, | 

in liver tumors, 346, 347 

magnesium salt of, 162 

phosphate turnover in, 25, 
162 


phospholipid oxidation and, 
180 


purification of, 159 
synthesis of, 167 
synthetic processes and, 
219 
tricarboxylic acid cycle 
and, 13 
Adenylic acids 
configuration of, 43 
isolation of, 158, 159 
metabolism of, 544 
synthesis of, 167 
Adipic acid, structure of, 139 
Adrenal cortex 
antibody formation and, 427 
hexokinase activity and, 26 
Adrenal steroids 
absorption spectra of, 238 
adrenal content of, 240 
analytic methods for, 236-38 
biosynthesis of, 238 
adrenocorticotropic hor - 
mone and, 238 
blood content of, 240 
carbohydrate metabolism 
and, 549 
chromatography of, 235 
enzyme action and, 248 
interconversion of, 238, 239 
intermediary metabolism 
and, 250-52 
neoplasms and, 252, 253 
lymphoid, 357 
radiation injury and, 253 
salt metabolism and, 251 
separation of, 235, 237 
sulfates of, 234 
synthesis of, 228, 231-33 
urinary content of, 240-42, 
246, 247 
adrenocorticotropic hor - 
mone and, 241, 242. 246, 
247 é 
white blood cells and, 253 
Adrenochrome, glycolysis 
and, 17 
Adrenocorticotropic hormone 
active polypeptides of, 119 
antibody formation and, 427 
fatty acid oxidation and, 183 





> » 


 s 


79 


38 


39 





immune reactions and, 251 
liver fat content and, 190 
metabolic effects of, 250 
plasma lipids and, 193 
protein breakdown and, 214 
salt metabolism and, 251 
secretion of, epinephrine 
on, 247 
steroid biosynthesis and, 
238 
urinary steroids and, 240- 
42, 245, 246 
Agrocybin, antibiotic action 
of, 397 
Alanine 
equilibrium with pyruvate, 1 
oxidation of, tricarboxylic 
acid cycle and, 14 
protein synthesis and, 216, 
218 
structure of, 134, 136 
Albumin 
egg, structure of, 144 
serum, synthesis of, 216 
Albumins, interactions of, 121 
Alcohols 
catalase activity and, 9, 10 
dehydrogenase for, 4 
esters of, lipolysis of, 28 
polyhydric, chromatography 
of, 43 
Aldolases, 32 
assay of, 527 
Allergic reactions 
complement and, 433 
review of, 415 
Alliine, chemistry of, 395 
Alloxan 
hypoglycemic response to, 
545, 546 
liver glycogen and, 546 
phosphatase activity and, 24 
Alloxantine, structure of, 163 
Amidases, 32, 33 
Amides, transamidation, 32, 
33 
papain catalysis of, 32 
Amino acid oxidases 
activity of 
folic acid and, 15 
hyperthyroidism and, 15 
adrenal steroids and, 248 
desoxycorticosterone and, 5 
types of, 5 
Amino acids 
aromatic, 472, 473 
basic, 473, 474 
biosynthesis of, 472, 473 
blood content of, 310 
hormonal control of, 214 
vitamin By9 deficiency 
and, 332 
blood group substances and, 
422 
in cell nuclei, 466 
chemistry of, 103-23 
chromatography of, 103, 


SUBJECT INDEX 


104, 311 
configuration of, 105 
crystal structure of, 134, 
136, 137 ‘ 
decarboxylases for, 34 
determination of, 111 
dietary deficiency of, 213 
distribution of 
in cancer tissue, 348, 349 
in food proteins, 313, 314 
enzyme activity and, 316 
excretion of, 309-11 
heat damage to foods and, 
317-20 
incorporation into protein, 
209-23 
cancer and, 346, 348 
enzymes in, 220-22 
phosphorylation and, 219 
respiration and, 218, 219 
liberation of, protein degra- 
dation and, 110 
metabolism of, 209-23 
pyridoxine and, 586, 587 
microbiological methods 
for, 311 
Neurospora mutant growth 
and, 471-73, 474 
new, 103, 104 
oxaloacetate decarboxy - 
lation and, 12 
peptidases and, 219, 221 
peptide synthesis from, 
106-8 
phosphates of, protein 
synthesis and, 107 
phospholipid complexes of, 
113 


production of, cancer and, 


protein composition and, 
111, 112 
protein synthesis and, 213 
requirements for, 305-11 
resolution of, 104, 105 
sugar reaction with, 49 
synthesis of, 104 
time factor in feeding of, 
322-24 
toxicity of, 314 
transport of, penicillin and, 
398, 399 
turnover in vitro, 215-18 
cell structure and, 216 
rate in various tissues, 215 
turnover in vivo, 209-15 
utilization of, 307 
see also specific acids 
Aminoadipic acid 
lysine production and, 474 
metabolism of, 212 
Amino-azo dyes, carcino- 
genesis and, 355 
Aminofluorenes, carcino- 
genesis and, 356 
Aminopterin, choline oxidase 
and, 6 


631 


Amino sugars, identification 
of, 49 
Ammonia, acetamide forma- 
tion and, 47 
Ammonium nitrogen, utili- 
zation of, 307, 308 
Amylases, 30, 31 
kinetics of, 30 
maltose hydrolysis and, 518 
Amyloglucosidase, glycolysis 
and, 517, 518 
Amylopectins 
hydrolysis of, 31, 518, 519 
occurrence of, 54 
synthesis of, 31 
Amylose 
fibrous compounds of, 146 
reactions of, 54 
Amytal, metabolism of, 448 
Analine 
formation of, in body, 444, 
445 
metabolism of, 455 
Androgens 
anabolic action of, 251 
biotin deficiency and, 249 
carbohydrate metabolism 
and, 549 
semen constituents and, 549 
tissue metabolism and, 249 
vitamin A deficiency and, 
269 
Androsterone, excretion of, 
cortisone on, 242 
Anemia 
megaloblastic, treatment 
of, 573 
nutritional macrocytic, 
treatment of, 577, 579 
pernicious, treatment of, 
573, 574, 579 
Antabuse 
acetylaldehyde metabolism 
and, 539 
xanthine oxidase activity 


and, 
Anthocyanidine 
formation of, 495 
structure of, 494 
Anthocyanins 
biosynthesis of, 476 
flavanols and, 498 
formation of, 499, 502 
function of, 487 
occurrence of, 499-501 
Anthoxanthins 
formation of, 500 
occurrence of, 501, 505 
Anthracene, crystal structure 
of, 132, 133 
Anthranilic acid, amino acid 
metabolism and, 472, 473 
Antibiotics, 333, 334, 367-406 
actinomycins, 381, 382 
actinorhodine, 370, 371 
agrocybin, 397 
alliine, 395 








632 


antibiotic Els, 375 

antimycin A., 380 

aspergillic acid, 371 

aureomycin, 388, 389, 404, 
405 


bacitracin, 389 

chloramphenicol, 387, 388, 
404, 405 

citrinin, 370 

colchicine, 393 

cycloheximide, 371, 372 

evosin, 398 

fradicin, 394 

fungistatin, 390 

fusarium antibiotics, 393 

gliotoxin, 386, 387 

gramicidin, 390, 391, 405, 
406 

grifolin, 397 

growth promotion by, 333, 
567-69, 572, 573 

higher plant sources of, 
395 -98 

hydroxystreptomycin, 373-75 

illudin, 396 

licheniformin, 391 

lysozyme, 391, 392 

marcescin, 393 

mode of action of, 398-406 

nemotin, 397, 398 

neomycin, 375-78 

netropsin, 380, 381 

notatin, 406 

patulin, 367-69 

penicillic acid, 369, 370 

penicillin, 382-86, 398-400 

phosphorylation inhibition 
by, 541 

picromycin, 379, 380 

plumericin, 395, 396 

polymixins, 389, 390, 405 

polypeptides, 389-94 

polypeptin, 392, 393 

polysaccharides, 394 

prodigiosin, 395 

rhodomycin, 379 

streptocin, 394, 400-4 

streptomycin, 372, 373 

streptothricin, 375 


subtilin, 391 
terramycin, 378, 379, 404, 
405 


thermophillin, 396, 397 
thiolutin, 387 
trichothecin, 370 
usnic acid, 405 
viridin, 370 
vitamin Bj2 requirement 
and, 333 
xanthatin, 395 
xanthomycins, 381 
Antibodies, 426-29 
chemical properties of, 428 
formation of, 415, 426, 427 
adrenal cortex and, 427 
labeled, 428, 429 
precipitin reactions of, 428 


SUBJECT INDEX 


purification of, 427 
reactions of, with antigens, 
415-18 
Anticholinesterases, cholin- 
esterase activity and, 
29, 30 
Antigens, 418-26 
artificial, 425, 426 
bacterial, 424, 426 
mitochondrial uptake of, 
427 
nonbacterial, 418, 419 
quantitative methods for, 
415, 416, 418 
reactions of, with anti- 
bodies, 415-18 
lipids and, 417 
specificity of 
chemical changes and, 425 
polysaccharides and, 425 
Antimycin A 
insecticidal action of, 380 
yeast growth and, 380 
Antipyrine, metabolism of, 
452 


Antistiffness factor, 295 
chemistry of, 295 
pathological changes and, 

295 

Appendix, metabolism of, 15 

Apyrases 
activity of, 542 
distribution of, 24 

Arabinose, growth and, 334 

Arginase 
activity of, 32 
adrenal steroids and, 248 
purification of, 32 

Arginine 
in cancer tissue, 349 
deficiency of, feather 

growth and, 308 
determination of, 111 
polypeptide of, 108 
requirements for, 309 

Aromatic rings, oxidation of, 

12 

Arsenic, liver succinate and, 

4 

Arsenite, malignant growth 

and, 16 

Arylamines, metabolism of, 

455-57 

Ascorbic acid 
excretion of, cortisone on, 

250 
oxidation of, peroxidase and, 
pectin breakdown by, 78 
radioactive, 45 
tissue content of, tyrosine 

oxidation and, 15 

Aspartic acid 
determination of, 111 
oxidation of, 5 
protein synthesis and, 216 

Aspergillic acid, structure of, 


371 
Aureomycin 
antibiotic action of, 389 
chemistry of, 388 
growth promotion by, 333, 
334, 388, 567-69, 572, 
573 
mode of action of, 404 
resistance to, 404 
Avidin 
complex of, 150 
protein utilization and, 312 
Azide 
bacterial respiration and, 
17 
catalase inhibition by, 11 
glucuronide synthesis and, 


B 


Bacitracin, antibiotic action 
of, 389 
Bacteria, metabolism of, 17 
Bacteriophage 
nucleic acid synthesis and, 
151 
streptomycin and 403 
Barbital, metabolism of, 447, 


Barbiturates, metabolism of, 
447-50 
Benzene hydrocarbons, 
metabolism of, 453-55 
Benzene rings, crystal struc - 
ture of, 134 
Beryllium 
carcinogenesis by, 358 
phosphatase activity and, 
24 


Bile 
fat absorption and, 197 
phosphatase release and, 
23 


Bile acids 
formation from cholesterol, 
238 
interconversion of, 229 
Biotin 
carbon dioxide fixation and, 
538 
succinate oxidation and, 536 
tumor growth and, 359 
Blood group substances, 
420-24 
A, B, and O substances, 
420-23 
equilibrium between, 416 
reviews of, 415 
Rh hapten, 423, 424 
Bone, phosphatase in, 24 
Bone marrow, metabolism 
of, 15 
Brain, glucosamine phos- 
phorylation in, 26 
Bromal hydrate, metabolism 
of, 443 





Bi 
oy 


C: 


36 





Bromobenzene, metabolism 
of, 457, 458 
“Browning” reaction, 121 


Cc 


Calciferol, structure of, 141, 
142 
Calcification, of cartilage, 
517 
Calcium 
absorption of, vitamin D 
and, 276 
bone calcification and, 275, 
276 
in diet, vitamin D and, 275 
lecithinase activity and, 28 
pectin structure and, 73, 
80 
Cancer 
amino acids in protein 
of, 348, 349 
biochemistry of, 343-60 
carcinogenic -carcinolytic 
agents, 354-58 
carcinogen mechanism, 
350-54 
diagnostic tests for, 349, 
350 
enzyme activities in, 343- 
46 
fat content of diet and, 353 
glycolysis in, 344 
mouse mammary carcinoma 
virus, 360 
polysaccharides of blood 
and, 348 
proteins and nucleic acids 
in, 346-49 
see also Carcinogens; and 
Tumors 
Carbohydrate metabolism, 
513-51 
amylases in, 517-19 
carbohydrate synthesis, 
515, 516 
3-carbon acid metabolism, 
529, 530 
coenzymes in, 542-45 
coupled phosphorylation in, 
540-42 
degradation to 3-carbon 
acids, 513-16 
alternate pathways of, 
513, 514 
diabetogenic agents and, 
545, 546 
Embden-Meyerhof scheme, 
514, 515 
epinephrine and, 548, 549 
glycosidases in, 519, 520 
hexokinases in, 521, 522 
hexose conversion to pen- 
tose, 523, 524 
hexose interconversion, 
520-23 
insulin action and, 546-48 


SUBJECT INDEX 


methyl glyoxal metabolism, 
528, 529 

nucleoside metabolism and, 
524-27 

Pasteur effect, 542 

pentose metabolism, 524-27 

phosphohexomutases in, 523 

photosynthesis and, 550, 551 

polysaccharides in, 516, 517 

reversal of glycolysis, 515, 
51 


steroids and, 549 
syntheses involving poly- 

saccharides, 519 
thyroid and, 550 


tricarboxylic acid cycle and, 


530-40 
triose metabolism and, 
527-29 
Carbohydrates 
absorption of, hexokinases 
and, 522 
amino acid reaction with, 
49 
analytical methods for, 49 
chemistry of, 43-57 
chromatography of, 43 
configuration of, 43 
desulfation of, 52 
in diet, growth and, 334, 335 
disaccharides, 52 
isolation of, 44 
occurrence of, 44 
osazone formation and, 49 
oxidation of, 49 
phosphate esters of, 46 
photosynthesis and, 48 
polysaccharides, 54-57 
preferential oxidation of, 18 
radioactive sugars, 45, 49 
rotatory power of, 43 
sugar synthesis, 50-54 
Carbon bonds, crystallo- 
graphic study of, 133, 
136, 140 
Carbon dioxide 
fixation of, 537-39 
reduction of, photosynthesis 
and, 550, 551 


Carbonic anhydrase, zinc and, 


35 
Carboxyhemoglobin, crystal 
structure of, 144 
Carcinogens, 350-59 
carcinolytic agents and, 
354-60 
diet and, 360 
enzyme inhibition by, 352 
hormones and, 357 
mechanism of action of, 
350-54 
mutation and, 352-54, 468 
naphthylamine metabolism 
and, 456, 457 
radioactive, 358 
riboflavin deficiency and, 
586 


633 


structural inhibitors of, 
sulfhydryl oxidation and, 
351, 352 
tissue enzymes and, 344, 345 
tissue proteins and, 346 
see also Cancer; and 
Tumors 
Carotene 
destruction of, in meal, 94 
in milk, 270 
oxidation of, 94 
vitamin A and, 266-68 
8-Carotene, synthesis of, 267 
Carotenoids 
absorption of, 326 
antioxidant action of, 328 
biochemical genetics of, 475 
chromatography of, 326 
conversion to vitamin A, 326 
distribution of, 267 
plasma content of, 329 
stability in foods, 327, 328 
vitamin A activity of, 325, 
326 


Catalase 
cancer and, 343, 344, 351, 352 
inactivation of, 10, 11 
kinetics of, 11 
notatin antibiotic action and, 
406 
protein deficiency and, 344 
Catechins, structure of, 495, 
498 


Catecholase, in serum, 9 
Cathepsins 
in cancer tissue, 347, 352 
cell nucleus proteins and, 
466 
Cellulose 
alignment in plant cells, 75 
configuration of, 70 
enzymatic breakdown of, 77 
physical properties of, 78 
reactions of, 55 
synthesis of, 519 
uronic acid content of, 68 
Cephalin, phosphate turnover 
in, 28 
Chalcones 
formation of, 500 
structure of, 495, 501 
Chloral hydrate, metabolism 
of, 442, 443 
Chloramphenicol 
biosynthesis of, 388 
chemistry of, 387 
esterase activity and, 27, 
404 
metabolism of, 451, 452 
mode of action of, 404 
resistance to, 404 
Chloretone, oxidation in- 
hibition by, 8 
Chloroacetoph , dehy - 
drogenase inhibition by, 
8 











634 


Chlorobenzene, metabolism 
of, 457 
Chlorocyclohexanes, configu- 
ration of, 142 
Chloromercuricbenzoate, 
nuclease activity and, 34 
2,2-bis(p-Chloropheny])-1,1- 
dichloroethane (DDD), 
metabolism of, 459, 460 
2,2-bis(p-Chloropheny]l) -1,1,1- 
trichloroethane (DDT) 
genetic differences in 
resistance to, 476 
insecticidal action of, 459 
metabolism of, 459, 460 
Chlorophyll, synthesis of 
acetate and, 189 
genetic aspects of, 475 
Cholesterol 
biosynthesis of, 193, 239 
of blood 
adrenocorticotropic hor - 
mone and, 251 
age and, 193 
cortisone and, 193 
inositol and, 198 
lipoproteins and, 112, 191 
synthesis of, 193 
turnover of, 240 
of bone marrow, 199 
of diet, plasma lipoprotein 
and, 193 
labeled, 233 
in liver, folic acid and, 576 
metabolism of, 189 
in nervous tissue, 198, 199 
structure of, 141, 230 
synthesis of, 187-89, 229 
acetaldehyde and, 187 
acetate and, 186, 187, 189 
acetone and, 184, 188 
diabetes and, 190 
dietary cholesterol and, 
188 
localization of, 188 
turnover of, 188, 189 
Cholesterol esterase, 28 
Cholesterol esters, esterases 
for, 202 
Choline 
acetylation of, 29 
adenosinetriphosphatase 
and, 25 
cholinesterase activity and, 


deficiency of, 564 

lipotropic effect of, 198 

mercapturic acid excretion 
and, 457, 458 

prosthetic group of phospha- 
tase, 521 

tissue respiration and, 15 

Choline oxidase, activity of, 

6 


Cholinesterases, 28-30 
active groups in, 29 
determination of, 28, 29 


SUBJECT INDEX 


inhibition of, 29, 30 
Chromatography 
adrenal steroid and, 235 
of alcohols, polyhydric, 43 
of amino acids, 103, 104, 
311 
of carbohydrates, 43 
of carotenoids, 326 
of estrogens, 236 
of ketosteroids, 235 
of lipids, 91 
of nucleic acids, 156-59 
of nucleosides, 156, 157, 
160 
of penicillin, 385 
of peptides, 108 
of proteins, 110 
of purines, 156, 173 
of pyrimidines, 156, 173 
of ribonucleic acids, 43 
of steroids, 235 
of sugars, 43, 44 
Chromosomes 
composition of, 466, 467 
isolation of, 465 
Citrate 
fat oxidation and, 95 
formation of, 13, 14, 531-34 
tissue content of, cancer 
and, 345, 346 
Citric acid cycle, see Tri- 
carboxylic acid cycle 
Citrinin, synthesis of, 370 
Citrogenase 
magnesium and, 13 
tricarboxylic acid cycle 
and, 13 
Citrovorum factor, 578-80 
anemia treatment by, 579 
biological actions of, 579 
folic acid and, 579 
growth and, 335, 579 
leukemia and, 578 
structure of, 580 
synthesis of, 578, 579 
Cobalamins, vitamin By9 and, 
562, 563 
Cobalt 
cell growth and, 152 
deficiency of, 333 
Cocarboxylase, vitamin By 
deficiency and, 12 
Coenzyme A 
active acetate formation 


and, 530, 531 
citric acid synthesis and, 
13 


constituents of, 13, 44 
structure of, 544, 583 
Coenzymes, 6 
carbohydrate metabolism 
and, 542-45 
dehydrogenase activity and, 
3 


lactic acid oxidation and, 4 
synthesis of, 26, 27 
Colchicine 


anticarcinogenesis and, 356 
nucleic acid of bacteria 
and, 151 
nucleotide dephosphoryla- 
tion and, 156 
Colicines, antibiotic action 
of, 393 
Collagen 
analysis of, 111 
crystal structure of, 146 
Complement, 429-33 
chemical character of, 429 
component titers of, 430 
jetermination of, 429, 430 
enzymatic activity of, 431 
fixation of, 431 
hemolytic activity of, 429, 
430, 432, 433 
mechanism of action of, 
431-33 
review of, 415 
Condensing enzyme, citrate 
formation and, 35, 532- 
34 
Copper, deficiency of, pan- 
tothenic acid and, 581 
Cortisone 
allergic reactions and, 427 
ascorbic acid excretion 
and, 250 
carbohydrate metabolism 
and, 549 
enzyme action and, 248 
growth and, 252 
immune reactions and, 251 
membrane permeability 
and, 249 
metabolism of, 242, 243 
plasma lipids and, 193 
salt metabolism and, 251 
tuberculosis activation by, 
406 
tumor growth and, 586 
urate metabolism and, 250 
urinary steroids and, 241, 
242, 246 
see also Adrenal steroids 
Cozymase, synthesis of, 166 
Cresol, cell division and, 
151 
Crystallography, x-ray, of 
biological compounds, 
131-47 
Cyanide 
bacterial respiration and, 
17 


mutation and, 467 
tissue respiration and, 15 
Cyano cobalamin, see 
Vitamin By9 


Cyclitols, constitution of, 46, 
47 


Cycloheximide, rat repellent 
action of, 371 

Cyclophorase system, tri- 
carboxylic acid cycle 
and, 14 
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Cystathione, enzymatic 
cleavage of, 35 
Cysteine 
determination of, 111 
phosphatase activity and, 
24 
synthesis of, vitamin A 
and, 270 
Cystine 
bromobenzene metabolism 
and, 457 
excretion of, 457, 458 
liver necrosis and, 282 
requirements for, 308, 311 
toxicity of, 314 
Cytidine 
crystal structure of, 162 
structure of, 139 
Cytochrome -c 
coupled phosphorylation 
and, 540 
immunochemistry of, 419 
iron derivative of, 119 
redox potential of, 2 
reductase, cancer and, 344, 
345 
species differences in, 117 
Cytochrome oxidase 
cell localization of, 11 
genetic differences in, 480, 
481 
liver tumors and, 344 
Cytochrome reductases 
activity of, 7 
cell localization of, 11, 12 
liver source of, 7 
plant sources of, 7 
Cytochromes, 7, 8 
body content of, total 
metabolism and, 8 
distribution of, 7 
genetic modification of, 18 
hormonal control of, 8 
iron content of, 8 
nitrate reduction and, 8 
succinate oxidation and, 8 
Cytosine, structure of, 139 


D 


DDD, see 2,2-bis(p-Chloro- 
phenyl)-1,1-dichloro- 
ethane 

DDT, see 2,2-bis(p-Chloro- 
phenyl)-1,1,1-+richloro- 
ethane 

Decarboxylases, specificity 
of, 34 

Dehydroascorbic acid, 
diabetes produced by. 
546 

Dehydrogenases, 3-6 

alcohol, preparation of, 540 

fatty acid desaturation by, 
180 

isocitric, isolation of, 534, 
535 
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lactic 
active acetate formation 
and, 532 
activity of, 530 
cancer and, 344, 347 
thyroid and, 550 
malic, activity of, 536, 537 
phosphoglyceraldehyde 
constitution of, 527, 528 
iodoacetate and, 528 
succinic 
genetic differences in, 
480 
isolation of, 535, 536 
Dehydroisoandrosterone, 
analytical methods for, 
236 ° 
Desoxycholic acid, cholic 
acid conversion to, 229 
Desoxycorticosterone 
amino acid oxidase activity 
and, 5 
analogues of, 233 
carbohydrate metabolism 
and, 549 
labeled, 233 
salt metabolism and, 251 
see also Adrenal steroids 
Desoxypentosenucleic acid 
biosynthesis of, 170 
cell growth and, 151, 152, 
170 
cell staining and, 151 
configuration of, 153 
constituents of, 157, 163 
distribution of, 151, 153 
hydrolysis of, 154, 156, 157 
nuclear content of, 151, 153 
phage action and, 151 
Desoxypentosenucleoprotein 
cathepsin action on, 149 
isolation of, 149, 150 
Desoxyribonuclease, kinetics 
of, 33 
Desoxyribonucleic acid 
in cell nuclei, 465-67 
genetic specificities and, 
466 


radiation effects on, 466 
structural viscosity of, 466 
radiation and, 353 
in tissues, cancer and, 346, 
347 
Desoxy sugars, 168, 169 
phosphate ester of, 169 
preparation of, 50, 51, 169 
Dextrins, reactions of, 55 
Diabetes, alloxan 
cholesterol synthesis and, 
190 
fatty acid oxidation and, 190 
fatty acid synthesis and, 
189, 190 
plasma lipids and, 191 
Diabetes mellitus 
acidosis of, steroid excre- 
tion and, 245 
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glucose oxidation and, 547 
hexokinase activity and, 548 
phosphate changes in, 548 
plasma tocopherol and, 286 
production of, dehydro- 
ascorbic acid and, 546 
uric acid and, 546 
see also Alloxan 
Diaminopurine, cancer 
therapy and, 359 
Dibenzanthracene, mutation 
and, 468 
Dibenzyl, crystal structure 
of, 133 
Dicarboxylic acids, structure 
of, 139 
Dicumarol, blood clotting 
and, 288, 289 
Diethylstilbestrol, cellular 
metabolism and, 18 
Dihydrocoenzyme I, oxi- 
dation of, 6 
Dihydroxyacetone phosphate, 
isomerase and, 26 
Dihydroxyphenylalanine, 
decarboxylation of, 9 
Diisopropylfluorophosphate, 
cholinesterase activity 
and, 28, 29 
Diketo acids, reduction of, 4 
Dinitrocresol, egg respira- 
tion and, 16 
Dinitrophenol 
acetoacetate formation and, 
180 
cellular respiration and, 
16, 17 
glucuronide synthesis and, 
460 
protein synthesis and, 218 
Diphosphoglyceric acid, 
phosphoglyconic mutase 
and, 26 
Diphosphopyridine nucleotide 
cancer and, 344, 345 
coenzymes and, 6 
decomposition of, 159 
dissociation of, 3 
glyceraldehyde oxidation 
and, 3, 4 
inactivation of, 4 
isolation of, 160 
metabolism of, 542-44 
oxidase system 
constituents of, 6 
muscle respiration and, 
6, 7 
preparation of, 6 
synthesis of, 27 
tissue binding of, 544 
visual pigments and, 272 
Disaccharides, 52 
Drugs 
genetic differences in 
resistance to, 476 
metabolism of, 441-52 
Dyes, carcinogenesis and, 355 
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E 
Elastin, analysis of, 111, 112 
Enzymes 
action of 


kinetics of, 9-11 
valence change and, 11 
adaptative, 477, 478, 519, 
520, 522 
cancer and, 343-46 
gene control of, 476-78 
nonoxidative, nonproteolytic, 
23-35 
oxidative 
intracellular distribution 
of, 11, 12 
tricarboxylic acid cycle 
and, 2 
see also Metabolism, 
cellular; and Oxidation, 
biological 
proteolytic 
inhibitors of, 320-22 
polypeptide synthesis and, 
108 


radiation effects on, 469 
species specificity of, 419, 
420 
see also specific enzymes 
Epinephrine 
adrenocorticotropic hor- 
mone secretion and, 247 
carbohydrate metabolism 
and, 548, 549 
cholinesterase activity and, 
30 
flavonoids, relation to, 490 
oxidation of, 17, 18 
Ergosterol, synthesis of, 189 
Eserine, cholinesterase 
activity and, 29, 30 
Esterases, 27, 28 
cholesterol esters and, 202 
inhibition by chloramphen- 
icol, 404 
method for, 201 
specificity of, 200, 201 
Esterification 
of resin acids, 89 


of tall oil, 89 
Estrogens 
actomyosin of uterus and, 
249 


analytic methods for, 237 

assay of, 251 

blood content of, 240 

blood enzyme oxidizing, 250 

carbohydrate metabolism 
and, 549 

chromatography of, 236 

esters of, hydrolysis of, 27 

excretion of, citrates on, 
250 

glucuronidates of, 234 

growth and, 252 

labeled, 244 

liver inactivation of, 250 
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mammary cancer and, 357 

metabolism of, 244 

plasma transport of, 112 

progesterone metabolism 
and, 244 

racemates of, 233 

ring structure of, 230 

separation of, 236 

sulfates of, 234 

synthesis of, 228, 233 

tissue metabolism and, 249 

urinary, 234, 236, 237 

vitamin A and, 269, 270 

see also specific compounds 

Estrone, lipotropic effect of, 

197 


Ethereal sulfates, synthesis 
of, 458 
Ethionine 
fatty liver and, 197 
growth and, 215 
Ethylene imines, carcino- 
genesis and, 355 
Evosin, antibiotic action of, 
398 


Fats 
of adipose tissue 
adrenocorticotropic hor - 
mone and, 191 
insulin and, 191 
yellow-brown pigment in, 
_ 180 
antioxidation of, vitamin E 
and, 279 
bacterial oxidation of, 195 
chemistry of, 87-100 
in diet 
cancer and, 353 
fatty acid of tissues and, 
294 
dietary deficiency of, 324 
digestibility of, 324 
intestinal absorption of, 
196, 197 
iodine numbers of, 92, 93 
liver content of 
adrenocorticotropic hor- 
mone and, 190 
growth hormone and, 190 
metabolism of, 179-202 
kidney and, 192 
nutritional aspects of, 324, 


oxidation of, 93-98 
mechanism of, 96-98 
peroxidation of, 93 
polymorphism of, 87, 88 
rancidification of, 93 
reactions of, 88, 89 
spectra of, 89 
transport in blood, 187 
triglyceride synthesis, 186 
phospholipids and, 186 
vitamin A destruction by, 


94, 267 
vitamin E deficiency and, 284 
see also Lipids 
Fatty acid esters, hydrolysis 
of, 27 
Fatty acids 
bacterial metabolism of, 
195, 196 
biosynthesis of, 183-86 
acetate and, 186 
acetone and, 184 
bacterial, 196 
diabetes and, 189, 190 
extrahepatic, 184, 185 
fasting and, 186 
glucose and, 184 
insulin and, 547 
leucine and, 185 
liver path of, 186 
pituitary inhibition of, 190 
short chain acids and, 185 
crystallization of, 87 
in depot fat, 197 
desaturation of, 180 
determination of, 193 
dietary deficiency of, 324 
in egg yolk, 294 
essential, 293, 294 
growth and, 294 
formation from hydrocar - 
bons, 195 : 
glycogen formation from, 
516 


hydroxamic test for, 92 

intestinal absorption of, 
196, 197 

Neurospora mutant growth 
and, 475 

newly isolated, 98, 99 

nutritional aspects of, 324, 
325 


oxidation of, 179-82, 183, 


acetoacetate from, 180-83 

adrenocorticotropic hor - 
mone, 183 

bacterial, 195 

B-oxidation, 180 

carbohydrate and, 18 

diabetes and, 190 

enzymes and, 179, 180 

extrahepatic, 182, 183 

by lens of eye, 183 

metal catalysis of, 95 

oxidase for, 294 

peroxide formation and, 
96 

phosphates and, 179, 180 

products of, 96, 97, 181-83 

tricarboxylic acid cycle 
and, 13, 18 

tumors and, 344 

of plasma 
insulin and, 192 
kidney and, 192 
polyunsaturated, 200, 293, 

294, 324 
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synthesis of, 99, 100 
transport in body, lipo- 
proteins and, 112 
urea complexes of, 100 
Fermentation 
genetic differences in 
yeast, 480 
glycerol and, 515 
pathways of, 513-15 
see also Carbohydrate 
metabolism; and 
Glycolysis 
Ferritin, precipitin methods 
for, 418 
Fibrinogen, preparation of, 
113 


Fibrinolysis, cancer and, 
350 
Flavanols 
formation of, 496-98, 504 
structure of, 492 
Flavanones 
formation of, 509 
structure of, 494, 507 
Flavanonols 
formation of, 498, 499, 504 
structure of, 493 
Flavin derivatives, struc - 
ture of, 162 
Flavine mononucleotide, 
metabolism of, 543 
Flavones 
biological effects of, 488, 
490, 491 
formation of, 496, 499, 501, 
504, 508 
insecticidal effects of, 490, 
491 
occurrence of, 499, 506, 
507 
oxidation of, 502 
structure of, 491-95, 502 
Flavonoids, structure and 
activity of, 490 
Flavoproteins, 6, 7 
flavin catalysis mechanism, 
7 
Fluoride 
fatty acid oxidation and, 


phosphatase activity and, 
24 
protein synthesis and, 218 
Fluoroacetate, aconitase 
activity and, 534 
Folic acid, 574-78 
amino acid oxidase and, 15 
anemia treatment by, 577 
antagonists of, 577 
antileukemic action of, 
359 
cancer growth and, 359 
choline oxidase and, 6 
citrovorum factor and, 335 
deficiency of, 576, 577 
protein synthesis and, 
214, 217 


SUBJECT INDEX 


derivatives of, 575 
determination of, 575 
egg content of, 330 
enzyme activity and, 575, 


glutamic peptides and, 106 

growth and, 577 

lipotropic activity of, 576 

protein complex with, 574 

requirements for, 330, 331, 
577 


synthesis of, 575 
tumor growth and, 577 
tyrosine oxidation and, 15 
xanthine oxidase activity 
and, 5 
see also Vitamin Bj9 
Folinic acid, 578-80 
see also Citrovorum factor 
Follicle-stimulating hor- 
mone, hydrolysis and 
activity of, 119 
Fourier series, crystallo- 
graphic analysis and, 
131, 136, 138 
Fradocin, antibiotic action 
of, 394 
Fructokinase 
hexose interconversion 
and, 521, 522 
in liver, 26 
Fructose 
fermentation of, 521 
hexokinase and, 26 
insulin convulsions and, 
521 
in semen, 549 
Fructose diphosphate, hydro- 
lysis of, free energy 
of, 1 
Fucose, blood group sub- 
stances and, 421-23 
Fumarase, assay of, 536 
Fumarate, bacterial pro- 
duction of, 538 
Fungistatin, antibiotic action 
of, 390 
Fusarium antibiotics, iso- 
lation of, 393 


G 


Galactokinase 
hexose interconversion and, 
522 
in liver, 26 
Galactose, conversion to 
glucose, 523 
coenzyme for, 161 
Galactose phosphate, con- 
version to glucose, 46 
Galacturonic acid, chain 
structure of, 70 
Gelatin, analysis of, 111 
Gel formation, polyuronides 
and, 78-82 
Genetics, biochemical, 465-81 
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biosynthesis and, 471-78 
of amino acids, 471-74 
enzymes on, 476, 477 
fatty acids on, 475 
of pigments, 475, 476, 477 
special techniques for, 

471 
of vitamins, 474 

mutagenic agents, 467-71 

non-Mendelian inheri- 
tance, 478-81 

and nucleus, chemistry of, 
465-67 

Gliotoxin, chemistry of, 386, 


Globulins 
antigen purification and, 
427, 428 
complement and, 429 
electrophoresis of, 116 
immunochemistry of, 418, 
419 
immunological properties 
of, 119 
labeled antibodies and, 428, 
429 
Glucokinase 
hexose interconversion 
and, 522 
in liver, 26 
Gluconic acid, oxidation of, 
524 
Glucosamine 
blood group substances 
and, 420, 424 
in egg albumin, 44 
phosphorylation of, 26 
Glucose 
of blood 
alloxan and, 546 
liver phosphatase re- 
leasing, 521, 522 
determination of, 49 
fatty acid synthesis and, 
184 
formation of, energetics 
of, 1 
gluconeogenesis, in kidney, 


hexokinase and, 26 
oxidation of, 523, 524 
insulin and, 547 
paths for, 513-16 
protein reactions with, 121 
radioactive, 45 
utilization of, epinephrine 
and, 548, 549 
Glucose -1,6-diphosphate, 
formation of, transphos- 
phorylation, 25 
Glucose -6-phosphate 
dehydrogenase for, 3 
hydrolysis of, free energy 
of, 1 
phosphatase for, 23 
Glucose phosphates, prepar - 
ation of, 46 
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Glucuronic acid 
biosynthesis of, 47 
determination of, 49 
growth and, 334 
Glucuronidase, 31 
cancer and, 345 
Glucuronidates, urinary 
steroid conjugates from, 
234, 235 
Glucuronides 
conjugation with benzene, 453 
synthesis of, 31, 460, 461 
in urine, 44 
Glutamic acid 
in cancer tissue, 348 
oxidation of, in rickettsiae, 
12 
peptides of, 106, 107 
protein synthesis and, 216 
transport of, penicillin and, 
398 
Glutaminase 
growth hormone and, 213 
hormonal effects on, 32 
Glutaric acid, structure of, 
139, 140 
Glutathione 
dehydrogenase activity and, 
3 


germination and, 12 
Glyceraldehyde phosphate 
dehydrogenase for, 3 
formation of, 46 
Glycerides, see Fats; and 
Lipids 
Glycerol 
determination of, 93 
glycolysis and, 515 
Glycine 
determination of, 105, 111 
incorporation into protein, 
210, 211, 215 
metabolism of, vitamin Bj9 
and, 571 
peptides of, 107 
purine synthesis and, 171, 
172 
ribose synthesis and, 173 
structure of, 134, 136 
synthesis of, vitamin A and, 
270 
Glycogen 
cartilage calcification and, 


formation of 
acetone and, 184 
fatty acids and, 181, 182 
insulin and, 547, 548 
lactate and, 182, 515 
nropionate and, 515 
tricarboxylic acid cycle, 

12 

glycogenolysis 
energetics of, 1 
epinephrine and, 549 

hydrolysis of, 31 

in liver 
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adrenal steroids and, 248 
alloxan and, 546 
vitamin K and, 291 
in muscle, adrenal steroids 
and, 248, 249 
Glycolic acid, oxidation in 
plants, 4 
Glycolysis 
alternate pathways of, 
513-15 
amyloglucosidase and, 517, 


cancer and, 344 
iodoacetate inhibition of, 
528 
photosynthesis and, 48 
“‘primer’’ polysaccharide 
in, 516 
reversal of, 515, 516 
see also Carbohydrate 
metabolism 
Glycoproteins, of serum, 113 
Glycosidases, adaptive en- 
zymes for, 519 
Glycosides 
chemistry of, 45, 46 
configuration of, 166 
new compounds, 45 
plant pigments and, 506-9 
plant reproduction and, 487 
preparation of, 53 
synthesis of, 166 
Glycylglycine, structure of, 
136, 137 
Glyoxalase, activity of, 528, 
529 


Gonadotropins 
ketosteroid excretion and, 
247 
vitamin E deficiency and, 


Gramicidin 
antibiotic action of, 391 
cell metabolism, 405, 406 
chemistry of, 390 
mode of action of, 405, 406 
peptides from, 108 
Grifolin, antibiotic action of, 
397 
Growth hormone 
carcinogenesis and, 357 
diabetogenic action of, 191 
fatty acid deficiency and, 
294 
insulin action and, 546 
kidney glutaminase, 213 
liver fat content and, 190, 
191 
liver pentosenucleic acid 
and, 152 
pantothenic acid and, 581 
Growth inhibitors 
purines as, 169 
pyrimidines as, 169 
Guanazolo, anticarcinogenic 
action of, 358, 359 
Guanine 


biosynthesis of, 171 
determination of, 163 
synthesis of, 164, 165 
Guanosine 
structure of, 139 
synthesis of, 167 
Guanosine phosphate, prepa- 
ration of, 168 
Gums 
chain structure of, 75 
constitution of, 56 
gelling phenomena of, 79 
physical properties of, 78 
uronic acid content of, 68 


H 


Halogenated hydrocarbons, 
metabolism of, 457-60 
Hematin pigments, absorp- 
tion spectra of, 7 
Hemicelluloses, arrangement 
in cells, 73 
Hemocyanin, depolymeriza- 
tion of, 118 
Hemoglobin 
carbonmonoxyhemoglobins, 
genic differences in, 478 
crystal structure of, 142 
structure of, 113, 123 
syntheSis of, leucine and, 
215, 221 
Hemolysis, complement and, 
430, 432, 433 
Heparin, constitution of, 56 
Heteropolysaccharides, 56 
Hexitols, 53 
Hexokinases 
hexose interconversion and, 
521 
inhibition of, 522 
insulin and, 548 
species specificity of, 420 
sugar absorption and, 522 
Hexosamines 
in dentine, 56 
determination of, 49 
Hexoses 
conversion to pentose, 523, 


interconversion of, 520-23 
phosphorylation of, 520, 
521 


see also Carbohydrate 
metabolism; Fructose; 
and Glucose 
Hippuric acid, formation of, 
folic acid and, 576 
Hippurylanilide, synthesis of, 
221 
Histidine 
incorporation into protein, 
215, 218 
Neurospora growth and, 
474 


in proteins, 120 
Homopolysaccharides, 





len 


pa- 


ment 


Za- 


ins, 


1 and, 


420 
522 


, $23, 


0-23 
0, 


ose; 
n of, 


sis of, 


tein, 


id, 





preparation of, 55 
Hormones, see Androgens; 
Estrogens; and specific 
substances 
Hyaluronic acid 
preparation of, 31 
in tissues, 56 
uronic acid content of, 68 
Hyaluronidase, 31, 32 
steroid hormones and, 249 
Hydrocarbons 
carcinogenesis and, 356 
halogenated, metabolism of, 
457-60 
Hydrogen, production in 
photosynthesis, 550 
Hydrogen bond, crystallo- 
graphic study of, 138 
Hydrogen ion concentration, 
pectin gelation and, 
80, 81 
Hydrogen peroxide, pectin 
breakdown by, 78 
Hydroxamic acids 
formation of, 201, 220 
test for fatty acids, 92 
Hydroxyadenine, kidney 
deposition of, 172 
Hydroxyanisole, fat oxidation 
and, 95 
Hydroxycobalamin, vitamin 
Bi2 and, 563 
Hydroxylysine, structure of, 
105 
Hydroxyproline 
configuration of, 43 
determination of, 111 
Hydroxystreptomycin 
antibiotic activity of, 375 
structure of, 373, 374 
Hypervitaminosis A, 271 
Hypoxanthine, synthesis of, 
164, 171 


Tlludin 
antibiotic action of, 396 
chemistry of, 396 
Imidazole, purine synthesis 
and, 172 
Immunochemistry, 415-33 
antibodies, 426-29 
antigen-antibody reactions 
and, 415-18 
antigens, 418-26 
complement, 429-33 
Inositol 
constitution of, 47 
lipotropic effect of, 197 
plasma cholesterol and, 
198 
Insulin, 546-48 
active form of, 118, 120 
adipose tissue response to, 
191 
alloxan hypoglycemia and, 
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546 

analysis of, 111 

depolymerization of, 118 

enzyme reactions and, 548 

fatty acid synthesis and, 
189, 547 

glucose oxidation and, 547 

glycogen synthesis and, 547, 
548 

growth hormone and, 546 

hexokinase activity and, 26 

hydrolysis of, 55, 56 

lactation and, 191 

pituitary-adrenal system 
and, 546 

plasma lipids and, 192 

polypeptides from, 109 

protein synthesis and, 214 

sensitivity to, acetoacetate 
and, 193 

tricarboxylic acid cycle and, 
14 


tyrosine liberation from, 
110 


Iodides, streptomycin action 
and, 403 
Iodine, protein reactions with, 
120, 121 
thyroxine formation and, 
121 


Iodoacetate 

bacterial respiration and, 
17 

glycolysis inhibition by, 528 

phosphatase activity and, 
24 

protein coagulation and, 
cancer diagnosis and, 
349, 350 

pyruvate metabolism and, 
12 


Iodobenzene, metabolism of, 
457 
Iron 
cytochrome content of, 8 
in tooth enamel, 281 
Isocitric acid, dehydrogenase 
for, 4 
Isocitric dehydrogenase, cell 
localization of, 11 
Isoflavones 
formation of, 500 
structure of, 493, 507 
Isoleucine, determination of, 
111 
Isomerase, kinetics of, 26 


K 
Keratin, spectrum of, 122 


Keto acids, decarboxylases 
for, 34 


Ketoglutarate oxidase, activity 


of, 535 

Ketoglutaric acid, oxidation 
of, 6 

Ketone bodies 
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formation of 
carbohydrate and, 18 
hormones and, 192 
ketonuria, nicotinic acid 
and, 183 
utilization of, 192 
see also Acetoacetate 


Ketones, bacterial formation 


of, 195 


Ketoses, 54 
Ketosteroids 


analytic methods for, 236 
chromatography of, 235 
excretion of, 245-48 
adrenocorticotropic hor - 
mone on, 246 
cortisone on, 246, 247 
disease states and, 245-47 
gonadotropins on, 247 
glucuronidates of, 235 
separation of, 235 
spectrometry of, 237 
sulfates of, 234 
synthesis of, 228, 230 
testosterone precursor of, 
249, 250 
urinary, 234, 245-48 
Kinases, 26 
Krebs cycle, see Tricarboxy- 
lic acid cycle 


L 


Lactase, detection of, 520 
Lactate 
acetylation by, 194 
formation of 
energetics of, 1 
propanediol and, 529 
pyruvate dismutation and, 
539 
glycogen formation from, 
182, 515 
Lactation 
fatty acid synthesis and, 
185 


insulin and, 191 
lactose synthesis in, 519 
vitamin A requirement for, 
269, 270 
Lactic acid 
dehydrogenase for, 4 
derivatives of, 43 
oxidation of, kinetics of, 4 
Lactobacillus bulgaricus 
factor 
pantothenic acid and, 582, 
583 


synthesis of, 583 
Lactoglobin, structure of, 
145 
Lactoperoxidase, activity of, 
10 
Lactose 
determination of, 49 
in plant male organs, 44 
synthesis of, 519 
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Lecithin 
degradation of, 100 
phosphate turnover in, 28 
Lecithinase, inactivation of, 
28 
Lens of eye, fatty acid oxida- 
tion by, 183 
Leucine 
acetylation by, 185 
fatty acid synthesis and, 
185 


incorporation into protein, 
214, 215, 218, 221 
liver turnover of, 209, 211 
requirements for, 306 
toxicity of, 314 
Leukemia 
folic acid and, 577, 578 
liver fat oxidation and, 182 
Licheniformin, antibiotic 
action of, 391 
Linoleic acid 
fatty acid deficiency and, 


293, 294, 324 
synthesis of, 293 
Lipases, 28 


in adipose tissue, 201 

kinetics of, 28 

specificity of, 200 

Lipids 

analytic methods for, 89-93 

antigen-antibody reactions 
and, 417 

antioxidants for, 94-96 

biosynthesis of, 183-91 

blood lipids, 191-93 

chemistry of, 87-100 

chromatography of, 91 

dielectric porperties of, 88 

diffraction patterns of, 89, 
90 

histochemistry of, 199 

metabolism of, 179-202 

of mitochondria, 198 

of nervous tissue, 198, 199 

oxidation of, 93-98, 179-83 

physical properties of, 87, 
88 


polymorphism of, 87, 88 
prooxidants for, 94-96 
reactions of, 88, 89 
spectrophotometry of, 91 
of tissues, 198, 199 
see also Fats; and Fatty 
acids 
Lipoproteins 
of brain, 199 
f plasma, 112, 191, 193 
atherosclerosis and, 193 
dietary cholesterol and, 
193 
plasma constituent trans- 
port and, 112 
Lipotropic factors, 197, 198 
Liver 
fat oxidation in, 179, 182 
fatty, 197, 198 
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glucuronide synthesis in, 31 
kinase activity in, 26 
phosphatase in, 24 


Lysine 


determination of, 111 

incorporation into protein, 
215, 216, 218, 219 

precursor of, 474 

requirements for, 312, 318, 
319 


Lysopolysaccharides, amino 


acid complex with, 103 


Lysozyme, 32 


active form of, 120 
analysis of, 111 
chemistry of, 392 
structure of, 145 


M 


Magnesium 


acetyl phosphate formation 
and, 532 
cell staining and, 151 
citrogenase and, 13 
coenzyme synthesis and, 27 
complement action and, 430, 
431 
condensing enzyme and, 35 
cyclophorase and, 14 
hexokinase activity and, 522 
ketoglutarate oxidase 
activity and, 535 
lecithinase activity and, 28 
nuclease activity and, 33, 34 
phosphatase activity and, 
23, 24 
pyruvic oxidase activity and, 
532 


toxic salt in muscle, 162 


Malic enzyme, activity of, 


537 


Malonate 


bacterial respiration and, 
17 

citrate synthesis inhibition 
by, 533 

coupled phosphorylation and, 
540 


dehydrogenase inhibition by, 
8 


fatty acid oxidation and, 13 
Maltol, antibacterial action 
of, 402 
Maltoses, hydrolysis of, 518, 
520 


Manganese 
condensing enzyme and, 35 
enzymatic oxidation of, 10 
nuclease activity and, 33 
in tooth enamel, 281 
vitamin E deficiency and, 
281 
Mannose, hexokinase and, 26 
Marcescin, antibiotic action 
of, 393 
Melanins 


biosynthesis of, 9 
genetic aspects of, 475-76, 
481 
types of, 476 
tyrosinase and, 476 
Menadione 
biological effects of, 291 
synthesis of, 286 
Mercaptals, sugar identifica- 
tion by, 51, 52 
Mercapturic acid, excretion 
of, 457, 458 
Metabolic inhibitors 
glycolysis and, 514 
protein synthesis and, 218, 
219 


Metabolism, cellular 
amino acid deficiency and, 
316 
androgens and, 249 
dietary fat and, 19 
enzymatic adaptation and, 
18 
estrogens and, 249 
inhibition of, 15-18 
narcotics and, 16 
nitrated phenols and, 16 
oxidation, 1-19 
oxygen pressure and, 15 
steroid hormones and, 249 
substrate concentration and, 
18 
see also Oxidation, biologi- 
cal 
Metabolism, total 
body size and, 15 
cytochrome content of, body 
and, 8 
Metals, fatty acid oxidation 
catalysis by, 95 
Methadone, tissue respiration 
and, 16 
Methemoglobin 
crystal structure of, 143 
formation of, 444-46 
Methionine 
blood content of, 332 
deficiency of, 310, 316, 332, 
564 
formation of, vitamin Bio 
and, 564 
incorporation into protein, 
214 
lipotropic effect of, 197, 332 
liver necrosis and, 282 
metabolism of, 314 
peptide synthesis and, 222 
plasma amino acids and, 
310 
protein synthesis and, 216, 
218 
requirements for, 306-9, 
311 
synthesis of, 104 
toxic derivative of, 106 
toxicity of, 314, 315 
tryptic inhibitor and, 321 
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turnover of, 215 
Methylating compounds, vita- 
min By92 and, 331, 564, 
565 
Methylcholanthrene, mutation 
and, 468 
Methy! glyoxal, metabolism 
of, 528, 529 
Methylthioaniline, metabolism 
of, 455, 456 
Milk 
carcinogenic factor, 360 
carotene in, 270 
vitamin E in, 270 
Mitochondria, lipid composi- 
tion of, 198 
Monodebenzylation, mecha - 
nism of, 168 
Monofluoroacetate, acetate 
oxidation and, 14 
Mucilages 
constitution of, 56 
hydrolysis of, 44 
uronic acid content of, 68 
Mucin, in frog spawn, 57 
Mucoproteins, of plasma, 
13 


Muscle, heart, respiration of, 
Muscle, skeletal 
adenosinetriphosphatase in, 
25 


fat oxidation in, 182, 183 
proteins of, 113-15 
crystal structure of, 145 
protein turnover in, 209 
respiration of, dietary fat 
and, 17 
Mustard gas, mutation and, 
467, 468 
Mutagenic agents, 467-71 
chemical, 467-69 
radiation effects, 469, 470 
transforming principles, 
470, 471 
Myoglobin, crystal structure 
of, 144, 145 
Myosin 
cancer and, 349 
crystal structure of, 145 
in muscle, 114, 115, 122 


N 


Naphthaline, crystal structure 
of, 132, 133 

Naphthylamine, metabolism 
of, 456, 457 

Narcotics, tissue metabolism 
and, 16 

Nemotin, antibiotic action of, 


Neomycin 
purification of, 375, 376 
structure of, 377 
Netropsin, chemistry of, 380, 
381 
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Neurospora 
mutant growth of 
amino acids and, 471-73, 
474 
fatty acids and, 475 
histidine and, 474 
nucleic acid metabolism in, 
474, 475 
orotic acid production by, 


purine metabolism in, 474, 
475 

transamination in, 471 

tryptophan metabolism in, 
472 

Nicotinamide 

coenzyme synthesis and, 27 

formation from diphospho- 
pyridine nucleotide, 544 

glycosides, synthesis of, 
166 


Pasteur effect and, 542 
Nicotinic acid, 589, 590 
deficiency of, 590 
growth and, 308 
derivatives of, 589 
ketonuria and, 183 
metabolism of, 590 
tryptophan and, 589, 590 
Nitrate reductase, cyto- 
chromes and, 8 
Nitrites, oxidation inhibition 
by, 8 
Nitrogen, metabolic pool of, 
210, 213, 215 
Nitrogen mustards 
carcinogenesis and, 353, 


mutation and, 468 
nucleic acid depolymeriza- 
tion by, 155 
Nitrogen trichloride, toxic 
factor in flour and, 106 
Notatin 
antibiotic action of, 406 
dehydrogenase activity of, 
3 


peroxide formation by, 10 
Nucleases, 33, 34 
Nuclei, chemistry of, 465-67 
Nucleic acids, 149-56 
biogenesis of, 170-73 
biological aspects of, 150- 
53, 173 
carbohydrate determination 
in, 49 
cell growth and, 151-53, 169 
cell staining and, 150, 151 
changes in carcinogenesis, 
351 
chromatography of, 156-59 
constituents of, 154, 157-59, 
173 
cytological demonstration 
of, 157 
depolymerization of, 155, 
156 
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distribution in cells, 152, 


hydrolysis of, 159, 160, 173 
isolation of, 153 
metabolism of 
in Neurospora, 474, 475 
penicillin and, 398, 399 
pathological tissues and, 
157 
phosphate linkages in, 158, 
168 
physical properties of, 
153-55 
regeneration of, 152 
reviews of, 173 
symposia on, 465 
synthesis of, 525 
in tissues, cancer and, 346, 
347 
types of, 157, 173 
see also Nucleosides; Nu- 
cleotides; Purines; and 
Pyrimidines 
Nucleoproteins, 149, 150 
artificial, 150 
complex formation and, 150 
enzyme activity and, 150 
isolation of, 149, 150 
Nucleosides 
chromatography of, 156, 
157, 160 
isolation of, 157, 159, 160 
metabolism of, 524-27 
new compounds, 160-61 
nucleic acid synthesis and, 
170 
phosphorylase and, 25 
preparation of, 52, 53 
structure of, 161-63 
synthesis of, 165-67 
Nucleotides 
biological action of, 173 
in cancer tissue, 347 
coenzyme synthesis and, 26 
decomposition of, 159 
isolation of, 157-59 
structure of, 161-63, 168 
synthesis of, 167, 173 
Nutrition, 305-35 
antibiotics, 333, 334 
carbohydrates, 334, 335 
fats and fatty acids, 324, 
325 
folic acid, 330, 331 
nutrients, peroxidation by 
fat, 93 
proteins and amino acids, 
305-24 


oO 


Orotic acid production by 
Neurospora, 474 
Ovalbumin, phosphorus con- 
tent of, 117 
Ovomucoid 
immunochemistry of, 419 
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specificity changes in, 425 
Oxaloacetate 
citrate formation from, 533 
decarboxylation of, 12, 34 
tricarboxylic acid cycle 
and, 14 
Oxaloacetic decarboxylase, 
activity of, 536 
Oxalosuccinate decarboxy - 
lase, activity of, 535 
Oxidation, biological, 1-19 
coupled phosphorylation 
and, 541 
dehydrogenases, 3-6 
free energy of reactions in, 
3.3 
intracellular distribution 
of enzymes, 11, 12 
orientation of reactions, 
17-19 
phosphorylation and, 1 
redox potentials, 2 
respiration of tissues, 15-17 
standard medium for, 15 
stomach acid secretion and, 
2 
see also Metabolism, 
cellular 
Oxidation-reduction poten- 
tials 
measurements of, 2 
plant pigments and, 491 
vitamin E and, 279 
Oxygen 
bacterial metabolism and, 
17 
cell activation of, 12 
pressure of, tissue respira- 
tion and, 15 
Oxytocic hormone, see 
Pituitary, posterior 


Pp 
Palmitic acid, structure of, 


Paludrine, oxidation inhibition 
by, 8 
Pantetheine, Lactobacillus 
bulgaricus factor and, 
583 
Pantothenic acid, 580-84 
acetylation and, 581 
adrenal cortex and, 581 
analogues of, 581 
biosynthesis of, 474, 477 
bound forms of, 582 
coenzyme A and, 13, 544, 
545 
conjugate of, 582, 583 
copper deficiency and, 581 
deficiency of, 581, 582 
derivatives of, synthesis of, 
580 
determination of, 581 
growth and, 582 
Paramecin, ‘‘killer’’ trait 
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and, 479 
Parathyroids, vitamin D and, 
275, 276 
Pasteur effect 
bacterial metabolism and, 
16 
brain metabolism and, 16 
mechanism of, 542 
in yeast, 542 
Patulin, structure of, 367-69 
Pectin 
arrangement in cells, 71, 
73, 75 
breakdown of, 76, 77, 78 
chain structure of, 69-73 
enzymatic breakdown of, 
31 
gelling phenomena of, 78-82 
physical properties of, 78 
polyuronides and, 67, 68 
properties of, 56 
swelling of, 73, 74 
synthesis of, 519 
Pectinase 
parasitic fungi action and, 
76 


pectin breakdown by, 76, 77 
Penicillic acid, structure of, 
369, 370 
Penicillin, 382-86 
analytic methods for, 385 
antipenicillinase, 400 
bacterial uptake of, 398, 399 
biosynthesis of, 385 
chromatography of, 385 
derivatives, 382, 383 
growth and, 334, 567-69 
mode of action of, 398-400 
peptide synthesis and, 399 
protein reactions with, 385 
radioactive, 398 
synthesis of, 383-85 
Pentobarbital, metabolism of, 
449, 450 
Pentosenucleic acids, cell 
staining and, 150, 151 
Pentoses 
blood group substances and, 
423 


determination of, 168 
formation of, 527 
hexose conversion to, 523, 
524 
metabolism of, 524-27 
phosphorylation of, 527 
Pentothal, metabolism of, 
449, 450 
Peptidases, protein synthesis 
and, 219, 221 
Peptides 
chemistry of, 108-10 
chromatography of, 108 
degradation of, 109 
polymers of, 146 
structure of, 136, 137, 146 
synthesis of, 106-8, 218-23 
penicillin and, 399 


terminal, in proteins, 108 
tissue culture growth and, 
cancer and, 348 
Periodate, protein antigenic ity 
and, 426 
Peroxidases 
kinetics of, 10 
manganese oxidation and, 
10 


Peroxides 
carcinogenesis and, 351-53 
mutation and, 467-70 
production of, fat oxidation 
and, 96 
Phenacetin, metabolism of, 
446 
Phenetidine, metabolism of, 


Phenols 
benzene metabolism and, 
454 
phosphorylation inhibition 
by, 541 
Phenylhydrazine, anemia of, 
vitamin By9 and, 567 
Phloretin, structure of, 495 
Phosphatases, 23, 24 
activity of 
nucleic acids and, 150 
vitamin E and, 283 
blood glucose and, 521, 522 
hexose interconversion and, 


localization of, 23 
plasma content of 
cancer and, 345 
vitamin D and, 274 
specificity of, 24 
Phosphate esters 
cell staining and, 150 
fatty acid oxidation and, 179 
preparation of, 46 
separation of, 49 
Phosphates 
in diabetes, 548 
fat oxidation and, 95 
liberation from nucleic 
acids, 154 
Phosphates, high energy 
free energies of, 1 
instability of, 1 
see also Phosphorylation 
Phosphoesterases, identity 
of, 24 
Phosphofructoaldolase, triose 
formation by, 527 
Phosphoglyceric acid, photo- 
synthesis and, 48, 551 
Phosphohexoisomerases, 
hexose interconversion 
and, 523 
Phosphohexomutases, hexose 
interconversion and, 522 
Phospholipids 
biosynthesis of, 186, 187 
liver and, 187 
cell membrane transfer of, 
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192 
fat transport and, 187 
fatty acid absorption and, 
197 
liver turnover of, 198 
in nervous tissue, 198-200 
oxidation of, 180 
placental impermeability 
to, 192 
solubilization by, 113 
Phosphopentomutases, pen- 
tose metabolism and, 
525, 526 
Phosphopyruvate, equilib- 
rium with adenosine - 
diphosphate, 1 
Phosphoriboaldolases, pen- 
tose metabolism and, 
526 
Phosphorus 
in diet, vitamin D and, 275 
radioactive, mutation and, 
468 
Phosphorylase, 25, 26 
calcification and, 517 
destruction of, 517 
glucuronide synthesis and, 
460 
nucleoside, 170 
‘‘primer’’ polysaccharide 
formation and, 516, 517 
purification of, 517 
structure of, 517 
transphosphorylation and, 
’ 
Phosphorylation 
bacterial metabolism and, 
17 
biological oxidation and, 
cell structure and, 541 
coupled, 540-42 
debenzylation and, 168 
energy -rich phosphate 
bonds, 540 
fatty acid oxidation and, 
180 
gramicidin and, 406 
of hexoses, 520-21 
inhibitors of, 541 
peptide synthesis and, 219 
stomach acid secretion 
and, 2 
respiration and, 541 
transphosphorylation, 521 
tricarboxylic acid cycle 
and, 2, 12 
Photosynthesis 
glycolysis and, 47 
light intensity and, 16 
mechanism of, 550, 551 
products of, 47 
tricarboxylic acid cycle 
and, 16 
Phytate, anticalcifying 
action of, 275, 276 
Picromycin, chemistry of, 
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379, 380 
Pigments, 487-509 
action in animals, 488-91 
biochemical genetics of, 
475, 476, 498-509 
function in plants, 487 
oxidation levels and inter - 
conversion of, 491-98 
Pituitary 
anterior 
fat mobilization by, 191 
lipogenesis inhibition by, 


see also specific hormones 
posterior, oxytocic hor- 

mone, analysis of, 111 

Pituitary-adrenal system, 
insulin activation of, 
546 

Plasma, proteins of, see 
Proteins, of plasma 

Plasmagenes, action of, 
478, 479 

Plastein, formation of, 222, 
223 


Plumericin 
antibiotic action of, 395, 
396 
chemistry of, 395 
Pollen, sugars in, 44 
Polymetaphosphate, hydroly- 
sis of, 24 
Polymixins 
antibiotic action of, 390 
chemistry of, 389 
mode of action of, 405 
Polymorphism, of lipids, 
87, 88 
Polypeptin 
antibiotic action of, 393 
chemistry of, 392 
Polysaccharides 
blood groups and, 47 
chemistry of, 54-57 
configuration of, 70 
glycolysis and, 516, 517 
heteropolysaccharides, 
56, 57 
homopolysaccharides, 55 
of serum, cancer and, 348 
in starch, 54 
synthesis and, 519 
see also Carbohydrates; 
and specific substances 
Polysaccharides, bacterial 
antibiotic action of, 394 
antigen specificity and, 425 
carcinolysis and, 359 
pneumococcal, 424, 431 
Polyuronides, 67-82 
arrangement in cells, 71 
breakdown of, 76-78 
configuration of, 69-71 
gelling phenomena of, 78- 
82 


physical behavior of, 78 
structure of, 67-71 
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structure -function rela- 
tions, 74-76 
synthesis of, 71 
uronic acid content of, 68 
Potassium, excretion of, 
51 


Precipitin reactions 
complement determination 
by, 429 
immunological purity and, 
417 


quantitative, 415, 416, 418 
Pregnanediol 
conjugated form of, 234, 


excretion rate of, 244 
formation of 
from cholesterol, 238 
from progesterone, 243 
menstrual cycle and, 244 
metabolism of, 250 
new steroid related to, 242 
Pregnenolone 
adrenal steroid synthesis 
and, 238, 239 
metabolism of, 243 
Procaine, metabolism of, 


Prodigiosin, antiamebic 
action of, 395 
Progesterone 
adrenal steroid synthesis 
and, 238, 239 
analogues of, 230, 231, 233 
bile acids from, 238 
blood content of, 240 
excretion of, 244 
labeled, 233, 244 
metabolism of, 243, 244 
estrogens and, 244 
organ content of, 240 
pregnanediol from, 238, 243, 
244 
spectrometric method for, 
238 
synthesis of, 232, 233 
Proline 
determination of, 111 
synthesis of, 104 
Propionic acid 
bacterial fermentation 
and, 195 
metabolism of, tricarboxy - 
lic acid cycle and, 12 
Proteins 
amino acid content of, 313, 
314 
amino acid incorporation 
into, 209-23 
cancer and, 346 
analysis of, 110, 111 
chromatographic, 110 
microbiological, 110 
bacterial, 424 
amino acids in, 103 
breakdown of, hormonal 
control of, 214 
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in cancer tissue, 346-49 
of cell nuclei, 465, 466 
chemistry of, 106-23 
composition of, 111, 112 
conjugates, 113 
crystal structure of, 143- 
47 
cystine residues in, 108 
degradation of, 110 
determination of, precip- 
itin reactions and, 418 
dietary deficiency of 
catalase and, 344 
enzyme activity and, 316 
gastric ulceration and, 
316, 325 
liver enzymes, 213 
repletion requirements 
of, 306 
dietary intake of 
amino acid requirement 
and, 309 
disease resistance and, 
16 


digestibility of, 311, 317-19 

dissociable complexes of, 
118, 119 

of egg white, 115, 117 

electrophoresis of, 116, 
117 


energy requirement for, 
210 


glucose reactions with, 121 

homogeneity of, 116 

hydration of, 117 

interactions of, 121, 122 

iodine reactions with, 120, 
121 

thyroxine formation and, 

121 


ionophoresis of, 116 
liver turnover of, 209, 210, 


metabolism of, 209-23 
mitochondrial role in, 212, 
217 
of myofibrils, 113-15 
nutritional value of 
amino acids and, 311 
avidin and, 312 
heat damage to, 317-20 
methods for, 312 
storage and, 316, 317 
peptide synthesis, 106-8, 
218-23 
proteolytic enzymes and, 
108 
of plasma, 112, 113 
antigenicity of, 426 
cancer and, 346, 349, 350 
electrophoresis of, 117 
lipoproteins, 112 
mucoproteins, 113 
separation of, 112 
plastein synthesis and, 
222, 223 
proteolytic enzyme 
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inhibitors, 320-22 
reactivity and structure 
of, 119-21 
reticuloendothelial system 
and, 427 
‘‘salt linkages’’ in, 123 
of silk, 109, 111, 112, 122 
spectrometric study of, 122 
synthesis of 
amino acid phosphates 
and, 107 
amino acids and, 213, 
215-18 
insulin and, 214 
nucleic acids and, 151 
penicillin and, 399 
terminal peptides of, 108, 
109 
time factor in, 322-24 
ultracentrifugation of, 
117-19 
of wool, 108, 122 
see also Amino Acids; 
Enzymes; and specific 
substances 
Prothrombin 
blood clotting and, 288, 289 
complement fixation and, 
431 


dicumarol and, 288 
disappearance from blood, 
287 
vitamin K and, 287, 288 
Protopectin 
arrangement in cells, 76 
molecular size of, 74 
structure of, 71-74 
Protopolyuronide, enzymatic 
breakdown of, 77 
Pteroylglutamic acid, see 
Folic acid 
Purine nucleoside phosphory - 
lases, nucleic acid 
metabolism and, 524, 
525 
Purines 
biosynthesis of, 171, 172 
chromatography of, 156, 
173 


enzymatic catalysis and, 7 
growth inhibition by, 169 
isolation of, 157, 158 
metabolism of, 524, 525 
in Neurospora, 474, 475 
pentose content of, 168 
structure of, 163 
synthesis of, 164, 173 
tracer forms of, 165, 170 
Pyridine nucleotides 
metabolism of, 542, 543 
photosynthesis and, 550 
Pyridoxine, 586-88 
amino acid metabolism 
and, 586, 587 
antagonists of, 587, 588 
deficiency of, 586, 588 
requirement of, 587 


Pyrimidine nucleoside 
phosphorylase, purine 
metabolism and, 525 

Pyrimidines 

chromatography of, 156, 
173 


crystal structure of, 137- 
39 


determination of, 164 

growth inhibition by, 169 

isolation of, 157, 158, 184 

nucleic acid synthesis and, 
172 


pentose content of, 168, 170 
structure of, 163 
tracer forms of, 165 
Pyrophosphorolysis, enzy- 
matic, 543 
Pyruvate 
acetylation by, 184 
active acetate from, 530- 
32 
bacterial oxidation of, 539 
cholesterol synthesis and, 
187 


dismutation of, 13, 14, 539 
equilibrium with 
alanine, 1 
lactate, 1 
fatty acid synthesis and, 
184 


fluoroacetate and, 534 
metabolism via acetate, 12 
oxidase for, 532 
Pyruvic acid, destruction 
of, cancer and, 345 


Q 


Quercitrin 
circulatory effects of, 488 
diuretic effect of, 488 
in plant material, 45 
Quinolinic acid, amino acid 
metabolism and, 472, 
473 


R 


Radiation 
chemical effects of, 469 
enzymes and, 469 
mutation and, 469, 470 
Red blood cells 
hemoglobin orientation in, 
144 
hemolysis by complement, 
430, 432 
lipids in, 200 
metabolism of, 11 
sickle cell anemia and, 
hemoglobins in, 478 
Redox potentials, see Oxi- 
dation-reduction 
potentials 
Rehydrovitamin A, vitamin A 
and, 266 
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Respiration, of cells, see 
Metabolism, cellular; 
and Oxidation, biological 

Retinene 

indicator yellow and, 271 
vision and, 271, 272 
vitamin A and, 266 

Rhamnose, preparation of, 

53 


Rh hapten, isolation of, 423 
Rhodomycin, antibiotic 
action of, 379 
Rhodopsin, 271-73 
absorption spectrum of, 271 
vision and, 271 
vitamin A and, 200 
Riboflavin, 584-86 
deficiency of, 585, 586 
determination of, 584 
flavoprotein catalysis and, 
7 


fluorescence of, 584 
production of, 584 
requirements for, 585 
synthesis of, 584, 585 
Ribonuclease, radioactive, 
213 
Ribonucleic acids 
in cell nuclei, 465, 466 
chromatography of, 43 
degradation of, 33, 34 
hydrolysis of, 154, 157 
physical properties of, 154 
radiation effects on, 466 
structure of, 157 
in tissues, cancer and, 
346, 347 
Ribonucleopolymerase, 
cancer and, 345 
Ribonucleotides, separation 
of, 158 
Ribose 
glucose oxidation and, 523 
metabolism of, 526 
oxidation of, 526 
structure of, 139 
Ribose phosphate 
dehydrogenase for, 3 
formation of, 46 
Ribose sugars, 168, 169 
biosynthesis of, 168, 173 
tests for, 169 
Rickets 
bone strength and, 275 
in children, 276 
phosphatase in, 23 
phytate production of, 276 
see also Vitamin D 
Rutin 
physiological effects of, 


structure of, 489 
s 


Salicylates, prothrombin 
deficiency from, 289 
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Sebacic acid, structure of, 
139, 140 

Selenium, liver succinate 
and, 4 

Serine, purine synthesis 
and, 171, 172 

Sesamol, fat oxidation and, 
95 


Silk, proteins of, 109, 122 
Snake venom, adenosinetri- 
phosphatase in, 24 

Sodium, metabolism of 
adrenal steroids and, 251 
adrenocorticotropic hor - 

mone and, 251 
Spongothymidine, isolation 
of, 161 

Starch 
constituents of, 54 
growth and, 335 

Steroids, 227-53 
of adrenal cortex, see 

Adrenal steroids 
analytical methods for, 
236-38 
biosynthesis of, 238, 239 
chromatography of, 235 
clinical aspects of, 238 
enzyme action and, 248-50 
glucuronidates of, 234, 235 
isolation from tissues, 240 
labeled, 233, 244 
metabolism of, 242-45 
morphological changes 
from, 252, 253 
neoplastic disease and, 252 
separation of, 235, 236 
sulfates of, 234 
synthesis of, 228-33 
tissue metabolism and, 249 
urinary, 233, 234, 236, 240- 
42, 245-48 
conjugated, 234 

Sterols 
antistiffness factor and, 295 
color reaction for, 274 

Stomach, acid secretion by, 

energetics of, 2 
Streptocin, antibiotic action 
of, 394 

Streptomycin 
allergic reactions and, 402 
bacteriophage and, 403 
cell metabolism and, 400, 

401 
cell penetration by, 401 
chemistry of, 372, 373 
constitution of, 46 
growth and, 333, 334, 403, 
404 
mode of action of, 400-4 
resistance to, 402 
toxicity of, 403 
Streptothricin, structure of, 
375 
Strychnine, molecular con- 
figuration of, 142 


OAS 


Subtilin, antiviral action of, 


Succinate 
bacterial formation of, 539 
formation of, 533 
liver content of, 4 
oxidation of, 8, 540 
succinic-fumaric system, 
535, 536 
Succinic acid, structure of, 
139, 140 
Succinic dehydrogenase, 4, 5 
Succinoxidase 
activity of, 8 
inhibition by antimycin A, 
380 
liver tumors and, 344 
tocopherol and, 283 
Succinoxidase system, mus- 
cle respiration and, 6 
Sucrose 
heat capacity of, 47 
structure of, 54 
Sugars 
acetobromosugars, 53 
anhydro sugars, 50, 51 
chromatography of, 43, 44 
desoxy, 50, 51 
identification of, 51, 52 
ketoses, 54 
radioactive, 45, 49 
reducing power of, 47 
substituents of, nomen- 
clature of, 43 
synthesis of, 50-54 
Sulfates, urinary steroid 
conjugates from, 234 
Sulfhydryl compounds 
adenosinetriphosphatase 
and, 25 
anticarcinogenesis and, 
354 


dehydrogenase activity and, 
3,4 
oxidation of 
carcinogens and, 351 
mutation and, 352 
radiation and, 351 
Sulfhydryl enzymes, carcino- 
genesis and, 351 
Sulphonamides 
nucleic acids and, 153 
vitamin C and, 47 


7 
Tartaric acid, structure of, 


Tea-oxidase, activity of, 9 
Terramycin 

antibiotic activity of, 378, 

405 

chemistry of, 378 

distribution of, 379 

mode of action of, 404 
Testosterone 

blood content of, 240 
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ketosteroid formed from, 
249, 250 
labeled, 233 
liver destruction of, 250 
metabolism of, 243, 249, 
250 
ring structure of, 230 
vitamin A of blood and, 
270 
Tetraethylpyrophosphate, 
cholinesterase activity 
and, 29, 30 
Thermophillin 
antibiotic action of, 397 
chemistry of, 396 
Thiamine, 588, 589 
assay of, 588 
deficiency of, 589 
requirements for, 588, 589 
Thiocyanate, tissue respira- 
tion and, 15 
Thiols, preparation of, 51 
Thiol systems, redox poten- 
tials of, 2 
Thiolutin, chemistry of, 387 
Thioproline, bacterial 
growth and, 399 
Thiouracil, carotene absorp- 
tion of, 327 
Threonine 
configuration of, 105 
structure of, 134-36 
Thyroid 
carbohydrate metabolism 
and, 549 
carotene absorption and, 
327 
fatty liver and, 197 
hyperthyroidism, amino 
acid oxidase and, 15 
toxicity of, vitamin By9 
and, 568 
vitamin A metabolism and, 
270 
vitamin E deficiency and, 


Thyroxine 
cytochrome of tissues and, 
8 
ketosis and, 192 
protein iodination and, 121 
synthesis of, 104 
a@-Tocopherol phosphate, 
succinoxidase inhibition, 
Tocopherols 
antioxidant activity of, 94, 
279 
derivatives of, 277 
dietary intake of, 325 
distribution of, 278 
enzyme activity and, 283 
food content of, 325 
gastric ulceration and, 
325 


lipotropic effect of, 198 
liver necrosis and, 282 
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metabolism of, 277, 278 
muscular dystrophy and, 
285 
oxidoreductive properties 
of, vitamin E activity 
and, 12 
plasma content of, 286 
reproduction and, 284 
retrolental fibroplasia and, 
285 
serum content of, 325 
tissue content of, 325 
tooth abnormalities and, 
280 
toxicity of, 285 
vitamin A and, 269, 273, 
281 
see also Vitamin E 
Toluene, metabolism of, 454 
Toxic substances, metabo- 
lism of, 453-61 
Toxins, detoxification of, 
425 
Toxoid, diphtheria, purifica- 
tion of, 425 
Transaminase, activity of, 
34 
tocopherol and, 283 
Transamination 
extent of, 34 
in Neurospora, 471 
review of, 586 
Transforming principles, 
pneumococcal, 470, 471 
Transmethylation, vitamin 
Bj2 and, 564, 565 
Transphosphorylation, 
enzymes in, 25 
Trehalose, in yeast, 44 
Tribromoethanol, narcotic 
activity of, 443 
Tricarboxylic acid cycle, 
12-15, 530-40 
acetaldehyde metabolism 
and, 539, 540 
aconitase and, 534 
active acetate generation 
in, 530-32 
adenosinetriphosphate and, 
13 
in bacteria, 195, 538 
carbon dioxide fixation and, 
537, 538 
catalysis of, 2 
cell localization of, 11 
citrate formation in, 531-32 
condensing enzyme in, 35 
enzymes involved in, 13, 14 
fatty acid oxidation and, 
12, 13 
glycogen from fatty acid 
by, 181 
glycogen synthesis and, 
12 


insulin and, 14 
intermediates in, 539, 540 
isocitric dehydrogenase 


and, 534, 535 
ketoglutarate oxidase and, 
535 
malic dehydrogenase and, 
536, 537 
‘“‘malic’’enzyme and, 537 
mechanisms of, 13-15 
oxaloacetic carboxylase 
and, 536 
oxalosuccinate decarboxy - 
lase and, 535 
phosphorylation and, 2, 12 
photosynthesis and, 16 
primary condensation 
product in, 533, 534 
streptomycin and, 400, 401 
succinic-fumaric system, 
535, 536 
in tumors, 538 
Warburg-Lipmann-Dickens 
scheme and, 513, 514 
Trichloroethanol 
metabolism of, 443, 444 
narcotic activity of, 442 
Trichothecin, structure of, 
370 


Triosephosphate dehydroge - 
nase 
coenzyme protection of, 3 
diphosphopyridine nucleo- 
tide and, 3 
sulfhydryl groups of, 3 
Trioses 
metabolism of, 527-29 
paths of formation of, 
513-16 
Triphosphopyridine nucleo- 
tide 
isocitric dehydrogenation 
and, 4 
structure of, 6 
Trypsin, inhibitors of, 320 
Tryptophan 
deficiency of, 316 
determination of, 111 
metabolism of 
in Neurospora, 472 
nicotinic acid and, 589, 
590 
pyridoxine and, 586, 587 
peptide synthesis and, 222 
plasma amino acids and, 
310 
requirements for, 306, 308, 
323 
synthesis of, 104 
toxicity of, 314 
Tumors 
amino acid uptake rate in, 
216 


development of, B vitamins 
and, 586 
growth of 
folic acid and, 577 
inhibition of, 16 
of liver, adenosinetriphos- 
phatase in, 25 
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mutation and, 468 

nucleic acids of, 157 

phosphatase in, 23 

steroid excretion and, 246 

steroid hormones and, 252 

transmissibility of, cell 
nucleic acid and, 152 

tricarboxylic acid cycle in, 
538 

see also Cancer; and Car- 
cinogens 

Tyrosinases 

catechol oxidation and, 9 

glucose oxidation and, 8 

identity of, 9 

melanin formation and, 9, 
476 

tissue respiration and, 8 

Tyrosine 

biosynthesis of, 194 

oxidation of, 15 

peptide synthesis and, 222 

protein incorporation of, 
211 

toxicity of, 314 


U 
Ultraviolet light, fat oxida- 
tion and, 96 
Uracil, phosphate derivatives 
of, 161 


Urates, metabolism of, cor- 
tisone on, 250 
Urea 
fatty acid complexes with, 
100 


utilization of, 307 
Urease, kinetics of, 33 
Urethane 
anticarcinogenesis and, 
356 
malignant growth and, 16 
mutation and, 467 
oxidation inhibition by, 8 
yeast metabolism and, 18 
Uric acid, diabetes produced 
by, 546 
Uridine, isotopic nitrogen in, 
173 
Uridine diphosphate glucose, 
hexose interconversion 
and, 545 
Uronic acid, polyuronides 
and, 67, 68 
Usnic acid, antibacterial 
action of, 405 


Vv 


Vaccinic acid, structure of, 
89 

Valine, requirements for, 
306, 307, 309 

Venoms, crotamin in, 117 

Viridin, properties of, 370 

Viruses 
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crystal structure of, 145 

mouse mammary carci- 
noma, 360 

nucleic acids of, 157 

Vitamin A, 265-73, 325-30 

absorption of, 268, 273, 
327 

antivitamins A, 266 

blood content of, 273, 326- 
29 

carotene and, 266-68, 325, 
326 


deficiency of, 269, 273 
derivatives of, 266, 267 
destruction in food, 94, 267 
determination of, 265-81 
detoxication and, 270 
ester form of, hydrolysis 
of, 27 
excretion of, 326 
forms of, 327, 329 
hormones and, 269, 270 
hypervitaminosis A, 271 
lactation and, 269, 270 
liver storage of, 327-29 
in margarine, 265 
provitamins A, 267 
requirement of, 269, 270, 
328-30 
rhodopsin and, 200 
standardization of, 265 
storage of, 268, 281 
synthesis of, 265 
tocopherol and, 269, 273 
utilization of, 268, 269, 281 
vision and, 271-73 
vitamin E deficiency and, 
281 
Vitamin By, deficiency of, 
cocarboxylase and, 12 
Vitamin Bj9, 559-74 
amino acid deficiency and, 
313 
anemia treatment by, 573 
antibiotics and, 333 
biological effects of, 564-66 
blood amino acids and, 332 
carcinogenesis and, 360 
chemistry of, 559-74 
clinical studies of, 573, 574 
cobalamins and, 562, 563 
constituents of, 44 
content in foods, 331 
deficiency of, 330-33 
determination of, 564, 568 
egg development and, 569, 
570 


food content of, 571 
gizzard ulceration and, 
93 


growth and, 332-34, 566-71 

lipotropic effect of, 198, 
332, 566 

liver regeneration and, 566 

methylation and, 331 

microbial synthesis of, 334 

nomenclature of, 562, 563 
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nutritional role of, 566-74 
requirement for, 332, 333, 
571 


transmethylation and, 564- 
65 


see also Folic acid 
Vitamin C 
antagonist of, 276 
sulfa drugs and, 47 
Vitamin D, 273-76 
absorption of, 275 
antivitamin D, 276 
calcification and, 275, 276 
color reaction for, 274 
deficiency of, see Rickets 
infection and, 276 
parathyroids and, 275, 276 
provitamins D, 274, 275 
requirements of, 276 
standardization of, 273, 274 
see also Rickets 
Vitamin E, 277-86, 325 
antioxidant effect of, 279-82 
antivitamin E, 285 
capillary fragility and, 286 
deficiency of, 278-83 
derivatives of, 277 
enzyme activity and, 283 
fertility and, 283-85 
food content of, 277, 325 
hormones and, 283 
hypervitaminosis E, 285 
infection and, 285 
liver degeneration and, 282 
in milk, 270 
muscular dystrophy and, 
283, 285 
reproduction and, 325 
requirement of, 278, 325 
serum content of, 285, 286 
synthesis of, 278 
tissue metabolism and, 283 
tooth abnormalities and, 
280 
utilization of, 277 
see also Tocopherols 
Vitamin K, 286-92 
absorption of, 287 
antivitamin K activity, 289 
blood clotting and, 287-90 
chemistry of, 286, 287 
deficiency of, 287-90 
determination of, 286 
dicumarol and, 288, 289 
in green plants, 291, 292 
in humans, 290 
miscellaneous effects of, 
291 
Vitamin P, constituents of, 
88 


Vitamins 
biosynthesis of, 474 
comparative biochemistry 
of, 335 
fat-soluble, 265-95 
anti-gizzard ulcer factor, 
292, 293 
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anti-stiffness factor, 295 
fatty acids, essential, 293, 
294 
see also specific 
vitamins 
genetic differences in re- 
quirements for, 476 
plasma transport of, 112 
water-soluble, 559-90 
see also specific 
vitamins 
Vitamin U, gizzard ulcera- 
tion and, 292 


Ww 


Wallerian degeneration, 
chemical changes in, 
199 

Wool, proteins of, 108, 122 


SUBJECT INDEX 


x 


Xanthatin, antibiotic action 
of, 395 
Xanthine 
determination of, 163 
preparation of, 160 
synthesis of, 164, 165 
Xanthine oxidase 
activity of, 5, 6 
of liver, dietary protein 
and, 213 
Xanthomycins, antibiotic 
action of, 381 
X-radiation, nucleic acid de- 
polymerization by, 155, 
156 
X-ray crystallography, 131- 
47 


Xylenes, metabolism of, 454 


Xymenynic acid, isolation of, 
98 


¥ 


Yeast 
coenzymes in, 26 
coenzyme synthesis by, 27 
cytochrome synthesis by, 18 
hexokinase in, 26 
metabolism of, 18 

“Y” substance, vitamin A 

and, 266 


Zine 
carbonic anhydrase and, 35 
tissue content of, cancer 
and, 350 














